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Abstract 
This thesis further develops Life Cycle Assessment (LCA) as an environmental management tool 
in order to analyse and assess the environmental impacts associated with the production of nuclear 
power. A detailed database has been developed which includes energy and material consumption 
and wastes created at all stages in the Nuclear Fuel Cycle from resource extraction to waste 
disposal. This is used to create an environmental profile of the fuel cycle which will identify and 
quantify where the greatest environmental burdens arise within the system. The methodology is 
central to the concept of cleaner production and the results of this thesis may be used in decision 
making with regards to new process developments and improvements in the fuel cycle. The 
holistic approach aims to minimise the system related impacts and at the same time ensure that 
local improvements are not achieved at the expense of increased environmental burdens elsewhere. 
The model of the Nuclear Fuel Cycle represents a novel application of LCA and several 
methodological developments have been made in this thesis. Traditional LCA does not account 
for radionuclide emissions and there is no appropriate method of including the potential impacts of 
radioactive solid waste. This thesis therefore proposes two new impact categories in LCA which 
consider the effects of radionuclides on human health and on the environment, taking into 
consideration the long-term impacts of solid waste as well as those of direct discharges. The 
human health category is based on risk indicators which allow the probability of exposure and the 
probability of health effects occurring to be included, while the environment category relates the 
emissions to the natural variability of radionuclides in the ecosystem. The final LCA model is 
illustrated by several case studies which show the importance of the new impact categories 
developed in this thesis. Several shortcomings in publicly available data are also identified as they 
are aggregated and averaged over several sites. The detailed inventory which has been collated in 
this thesis is therefore essential for the LCA model to be used in process and system design. The 
results of the case studies provide important information on the wider implications of system 
changes and identify "hot spots" that may need further assessments. This can be used as part of a 
more comprehensive decision making process which also takes into account social and economic 
aspects of the system under study. 
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Chapter 1 
Introduction 
The world population has been predicted to grow by 60% in the next 35 years, and the World 
Energy Council believes that in the next 70 years world energy consumption will double. This is 
to a certain degree compounded by modem developments in science and technology which have 
increased both life expectancy and the dependence on energy to maintain human welfare and to 
meet consumer demand. This will have enormous environmental implications and increased 
attention is being devoted to the environmental and health-related impacts of different energy 
systems. These include issues such as the depletion of resources, health effects of pollution, 
environmental damage due to acidification of forests and lakes, concerns about the safety of 
nuclear power plants and radioactive waste management, and the potential risks of global climate 
change induced by increasing atmospheric concentrations of carbon dioxide and other greenhouse 
gases (IAEA, 1995). It is therefore generally agreed that there is an urgent need to work towards 
sustainable strategiesi which provide the energy services required for supporting economic growth 
while minimising the system related impacts. In order to achieve this we must improve the 
efficiency with which resources are converted to energy and subsequently consumed by industry 
and society. We must also strive to find more sustainable energy sources and overcome the 
physical and economic constraints of converting these into "high quality" ener . Finally there is 
a need to reduce our dependence on energy and re-examine the relationship between our use of 
material resources and the pursuit of welfare (Jackson, 1997). This thesis does not attempt to 
cover all of these issues, but will concentrate on how the environmental impacts associated with 
energy systems may be assessed in order to minimise the system related impacts and improving the 
efficiency in which resources are consumed. The system under study is the Nuclear Fuel Cycle 
and this chapter will introduce how some of the challenges facing this industry will be addressed 
through the goal and scope of this thesis. 
1 Sustainable development was defined in the Brunddand report as that which ....... meets the needs of the present without compromising 
the ability of future generations to meet their own needs" (WCED, 1987). This will be discussed in more detail in Chapter 2. 
2 "Hi. -h quality" energy refers to the availability of energy for future use (Jackson, 1997). 
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In the United Kingdom, the energy sector has been significantly reorganised in recent years, and 
the decision in May 1995 to privatise most of the nuclear industry will complete the privatisation 
of the electricity generating industry. In the conclusions of the Government's Nuclear Review, 
"The Prospects for Nuclear Power in the UK" (Government White Paper, 1995a), the Government 
announced its intentions to privatise parts of Nuclear Electric and Scottish Nuclear as subsidiaries 
of a sing le holding company and in July 1996 the new nuclear power company, British Energy, 
was finally floated on the stock exchange. The older nuclear reactors (the Magnox reactors) 
remained in the state sector at the time of privatisation, but these will shortly be transferred to 
British Nuclear Fuels (BNFL) which, in addition to providing other Nuclear Fuel Cycle services, 
already owns and operates two of these stations 3. The deregulation of the energy sector has led to 
increased competitiveness in the market and an increasing emphasis on the need to minimise costs. 
At the same time, the forces which are now shaping the future direction of the electricity supply 
industry are directed increasingly by environmentally oriented legislation and the need to account 
for environmental impacts at all points in the fuel cycle from resource extraction to waste disposal. 
The private sector is seen by some as less favourable for nuclear power than the public sector, due 
to the necessity to plan for long term liabilities such as management and disposal of radioactive 
waste (IAEA, 1994). 
This thesis is not concerned with the economics of producing nuclear electricity, but instead 
concentrates on the potential environmental risks that result from the routine operation of the 
Nuclear Fuel Cycle. The commercial nuclear power reactors in the UK are of three types; Magnox 
reactors, Advanced Gas-cooled Reactors (AGR) and Pressurised Water Reactors (PWR)3 . This 
thesis focuses on the PWR which accounts for about 60 % of the world's reactors and which 
represents the most recent reactor technology in the UK. The Magnox reactors are approaching 
the end of their useful life and the Magnox and AGR designs are not likely to be used again. 
The main "cradle" to "grave" stages in the Nuclear Fuel Cycle are illustrated in Figure 1-1. The 
first step is the mining and milling of the uranium ore to produce uranium concentrate. This gives 
rise to uranium mill tailings which are sent to specially designed impoundments. The ore 0 
concentrate is further processed and enriched to produce the right concentration of fissile uranium- 
235 suitable for fuelling the power reactor. The depleted by-product is stored for potential future 
use and the enriched uranium product is fabricated into fuel elements. 
3 The UK nuclear power reactors are described in more detail in Appendix A. 
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Figure 1-1 Outline of the Nuclear Fuel Cvcle 
The nuclear reactor irradiates the fuel for a period limited by structural deterioration, consumption 
of fissile material or accumulation of neutron -absorb ing fission products (Wilson, 1996). On 
discharge. the spent fuel is cooled to allow decay of the most high1v radioactive products. After an IC. 
intermediate storage period of at least 150 days, there are two alternative fuel management options. 
The spent fuel may either be conditioned and disposed directly (open loop) or reprocessed to 
separate out uranium and plutonium from the fission products and the minor actinides (closed 
loop). The fissile isotopes rna-, then be recycled in fast or thermal reactors. The remaining highly 
active waste products are vitrified and will eventually be sent for long-term storage or final 
disposal. 
The onl countries which have selected reprocessing as their spent fuel management approach are y tý 
the Netherlands, Japan, France, Brazil and Belgium. while most countries, including the United 
Kingdom, are still keeping their options open (IAEA, 1994). In the Government review of 
radioactive waste manaoement that was published in connection with the Nuclear RevieA, it was tý 
concluded that -the question of whether and when to reprocess spent fuel should be a matter for 
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the commercial judgement of the owner of the spent fuel, subject to meeting regulatory 
requirements" (Government White Paper, 1995b). There are three main trends which affect the 
demand for spent fuel reprocessing (Webster, 1992): 
The future projection of nuclear power capacity is now lower than ever and this has reduced the 
pressure on uranium supplies and the recycle of plutonium and uranium in thermal reactors and 
fast breeder reactors. 
* The lower reactor installation rate has led to a fall in uranium prices and the enrichment costs 
have been reduced by competition and technical developments. As a result reprocessing costs 
need to fall in order to compete with the perceived lower costs of the "once-through" option. 
The third major pressure arises from the environmental impacts of reprocessing and the 
associated costs of radioactive waste management. 
Spent nuclear fuel reprocessing and radioactive waste disposal are currently some of the most 
controversial aspects with regard to the desirability of nuclear power, and over recent years, the 
debate has focused on these issues, largely to the exclusion of other parts of the Nuclear Fuel 
Cycle such as uranium mining, fuel fabrication and reactor operation (Jones, 1994). In order to 
improve process technology and to successfully assess the system's overall resource use and 
e nvironmental damage, however, the complete sequence of events in the system must be 
considered. The risk of looking at, for example, reprocessing separately from the whole fuel cycle 
is that one does not take into account the environmental burdens which are potentially avoided at 
the mining and milling stage as a result of recycling fissile uranium rather than processing the 
natural resources. When a local processing activity is optimised to reduce environmental burdens, 
the overall impact of the fuel cycle could conceivably become worse. It is therefore necessary to 
consider the much broader impacts of change. This may be achieved by using Life Cycle 
Assessment (LCA), a tool which identifies and quantifies energy and materials used and wastes 
released to the environment throughout the entire system from resource extraction to waste 
disposal. This has become a widely recognised method for analysing and assessing the 
environmental performance of product, process and service systems. LCA is central to the concept 
of cleaner production which demands that all phases of the life cycle of a product or process 
should be addressed with the objective of prevention or minimisation of short- and long-term risks 
to human health and to the environment (Jackson, 1993). Cleaner production focuses on the 
prevention of polluting emissions rather than regulation through end-of-pipe solutions, and it calls 
for integrated protection of all environmental media across the whole life cycle of the system. The 
final outcome is Clean Technology which is defined as "a means of providing a human benefit 
which, overall, uses less resources and causes less environmental damage than alternative means 
with which it is economically competitive" (Clift, 1995b). In the example of reprocessing and 
4 
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uranium mining mentioned earlier, a cleaner production approach using LCA will identify and 
quantify which environmental burdens may be shifted across traditional system boundaries as a 
result of different spent fuel management strategies. The results provide important information 
about the wider implications of the energy system. Together with other environmental 
management tools and consideration of social and economic aspects, LCA may be used in 
comprehensive decision making processes. 
The aim of this thesis is to implement and further develop the Life Cycle Assessment (LCA) 
methodology for a detailed assessment of the Nuclear Fuel Cycle under UK conditions. A tool 
will be developed which can identify and quantify the differences in environmental impacts 
brought about by process modifications or improvements in the fuel cycle, and which will assess 
these in a more holistic way to determine whether they provide a "Clean Technology" solution as 
defined above. The focus will be on nuclear fuel processing and reprocessing but all stages of the 
fuel cycle will be considered to ensure that burdens are not shifted across site boundaries as a 
result of localised optimisation. This work has been supported by British Nuclear Fuels (BNFL) 
as part of their research and development programme into new reprocessing and waste 
management technologies. This study therefore intends to develop a tool that might be used as an 
aid in the selection of clean technology options for nuclear fuel processing and reprocessing which 
take into consideration the environmental profile of the complete fuel cycle. This represents a 
novel contribution to the assessment of the Nuclear Fuel Cycle and the interaction between energy 
production and global environmental systems. This is not a routine application of established LCA 
procedures, and several methodological improvements are required. These include the 
development of a methodology to deal with the impacts of radionuclide emissions on human health 
and the environment, and how to account for the long time frame involved in managing radioactive 
solid waste. The intended use of this study is for internal improvement assessment within the 
industry, but the methodological developments in LCA which result from this thesis will also 
benefit a wider audience through the future use of LCA as an environmental management tool. All 
LCA studies need to consider an energy supply when assessing the environmental impacts, and up 
to now an appropriate assessment of nuclear power has not been possible. 
The goal and scope of this thesis as defined above, will be referred to in several places throughout 
the dissertation. First of all, Chapter 2 will position this LCA in relation to other environmental 
management tools and related work which has been carried out on the fuel cycle, and the 
subsequent chapter will describe the Life Cycle Assessment approach in more detail. Chapter 3 
will also introduce the limitations of current LCA methodology in assessing the Nuclear Fuel 
Cycle and Chapter 4 will further address these issues and cover the implementation of the LCA 
methodology and the methodological developments which have been made in this thesis. The 
5 
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main contributions which include a methodology to assess radiological impacts on human health 
and the environment and how to account for solid radioactive waste and its long term risks will be 
covered in detail in Chapter 5 and Chapter 6. The use of the final LCA model will be illustrated in 
Chapter 7 and the main conclusions drawn from this work in Chapter 8. The various appendices 
supporting the work in these chapters will be referred to throughout the text. Due to the 
confidential nature of the database which has been collated to develop the model, a separate 
volume containing this information has been necessary. This should not affect the general thread 
of the thesis, however, and the main developments in the LCA methodology will be easily 
available for any reader without this database. 
6 
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Literature review 
2.1 Introduction 
The goal and scope of this LCA which was outlined in Chapter 1, is to further develop the LCA 
methodology to assess the Nuclear Fuel Cycle in terms of resource use and environmental impact. 
The aim is also to provide a tool for process development and design which will ensure that 
environmental burdens are not shifted and increased elsewhere as a result of local optimisation 
projects. These objectives will be frequently referred to in this chapter as they reflect the shifts 
which have taken place in environmental management over the last 25 years or so. The 
environmental problems of immediate concern have changed and so have the technological 
innovations required to resolve them and the techniques required to assess them. The main focus 
is no longer restricted to emissions from the pipes and stacks of industrial facilities, but increased 
attention is given to more global and regional problems such as global warming, ozone depletion, 
loss of habitat and biodiversity. The emphasis has shifted from the control and remediation of 
pollution to the avoidance and monitoring of several kinds of environmental harin (NSTC, 1995). 
In parallel, technologies have changed from end-of-pipe solutions to Clean Technology which 
address not only the direct impacts of a system but also the indirect impacts which may not be so 
apparent'. Higher demands are put on technological solutions to reduce emissions and material 
consumption and simultaneously improve energy efficiency and product value. On a larger scale, 
this has resulted in environmental management now moving towards holistic approaches which 
assess the entire life cycle of products to develop integrated designs on a macro level. This 
concept is commonly called "Industrial Ecology" (or "Industrial Metabolism") and aims to close 
the material-product cycle and break down the traditional barriers between manufacturing 
industries, suppliers and customers to reduce the requirement for energy and materials, and to 
increase the use and reuse of waste as resources. The goal is sustainable solutions which are 
optimised on environmental, economic and social criteria. Sustainable development was defined 
in the Brundtland Report as that which ...... meets the needs of the present without compromising 
the ability of future generations to meet their own needs" (WCED, 1987), i. e. development which 
1 Clean Technology is defined in more detail in Chapter 1. 
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improves the standard of living of the world's population and at the same time ensures that this is 
achieved without causing environmental deterioration in current or future generations. The three -1 C, 
criteria of sustainable solutions, environmental, economic and social, can be considered as 
practical constraints which all need to be satisfied. This is illustrated in Figure 2-1. 
The social lobe represents constraints due to social structures and people's values; the 
environmental lobe include ecological and thermodynamic constraints and the economic lobe L_ IIII 
represents market relationships and technology. Each of these lobes may be represented by 
different decision making tools, but sustainable development can only be achieved when all three 
components are optirnised. Hence, wherever a decision-maker or stakeholder start from within this 
diagram, a "decision space" which span across all three constraints must be developed in order to 
arrive at a sustainable solution (Cowell et al., 1997). The combination of tools and parameters in 
the different lobes or in the overlaps of the lobes may be referred to as processes while the tools 
themselves may be defined as a means of combining information in a form which can be used in 
the process to support decision making. The Life Cycle Assessment developed in this thesis may 
be placed somewhere in the overlap between the environmental and economic lobes as it addresses 
the ecological and thermodynamic constraints of the system by looking at different technologies 
within the economy. In order to appreciate the contribution of this thesis to the development of 
Life Cycle Assessment (LCA) methodology and it use in assessing the Nuclear Fuel Cycle, it is 
important to position LCA in relation to other tools within the same "decision space 11 as well as 
other fuel cycle studies. Hence. the following discussion aims to highlight the role of LCA. its 
advantages and its limitations and the importance of this stud), in relation to other recent or on- 
(10 110 i, fuel cycle projects. 
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Figure 2-1 Three components of sustainable 
development (adapted from Clift, 1995a) 
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2.2 Life Cycle Assessment and other Environmental Management tools 
Decision making for sustainable development as described above will involve a number of 
different tools and processes spanning over the different lobes in Figure 2-1. A collective term for 
these may be approaches and the conceptual framework which they embody is here called a 
concept. Some environmental management approaches and concepts are listed in Table 2-1. 
Table 2-1 Environmental Management approaches and concepts 
Design for the Environment r) (C) Cost Benefit Analysis (a) 
Environmental Auditing (a) Energy and Material Analysis (a) 
Life Cycle Assessment (a) Environmental Impact Assessment (a) 
Environmental Risk Assessment (a) Environmental Performance Evaluation (a) 
Product Line Analysis (a) Integrated Substance Chain Management (a) 
Industrial Ecology (C) Life Cycle Thinking (C) 
Total Cost Assessment (a) Substance Flow Analysis (a) 
Technology Assessment (a) Total Quality Environmental Management (a) 
List is derived from De Smet et al., 1996 
(a) approaches 
(c) concepts 
These approaches and concepts look at different dimensions of environmental management and 
some of their distinguishing features are described below: 
whether they are a process (e. g. Environmental Auditing), a tool (e. g. Substance flow Analysis) 
or a concept (e. g. Life Cycle Thinking) ; 
discipline basis, i. e. some approaches are based directly on the environmental and health 
sciences (e. g. Environmental Impact Assessment), or on compliance with regulations (e. g. 
Environmental Auditing), while others are more traditional business tools designed to provide 
information on markets and economics (e. g. Cost Benefit Analysis); 
the scope of the approach, i. e. whether it is used in the context of accounting and monitoring of 0 
current activities to identify need for change (e. g. Energy and Material analysis), or whether it 
is designed to evaluate potential future alternatives (e. g. Life Cycle Assessment); 
the spatial and temporal boundaries of the approaches, i. e. some concentrate on localised 
activities (e. g. Environmental Impacts Assessment and Environmental Audit) while others cross 
site boundaries (e. g. Life Cycle Assessment); 
4o how the environmental burdens are translated into impacts, i. e. through physio-chemical 
equivalents (e. g. Life Cycle Assessment) or monetary valuation methods (e. g. Cost Benefit 
Analysis). 
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Some of these approaches may shift between being considered a tool and a process, and it is 
important to remember that many of them have common aspects and will often overlap and interact 
with each other. The more conventional environmental decision making tools, for example, are 
increasingly using a life cycle approach, and this has become the umbrella term encompassing all 
tools taking a 'cradle-to-grave' approach. Life Cycle Assessment is one of these and can be 
considered to be one of the most formalised life cycle approaches. The overall concept is Life 
Cycle thinking, and the need to formally use this framework in decision making, has been 
addressed in a European Concerted Action Programme, LCANET, on the future development and 
application of LCA within Europe (Cowell et al., 1997). One of the main messages that has come 
from the expert meetings in connection with this programme is the need to extend the scope of 
LCA so that it can more easily be integrated with other tools in order to get a Life Cycle thinking 
framework that can be used for decision making. It is therefore increasingly important to position 
LCA in relation to these other techniques and highlight common areas and where they differ in 
approach. This is also one of the priorities by SETAC who has set up a working group on 
Conceptually Related Programmes to investigate the relationship between LCA and other 
environmental management approaches in order to identify ways in which these approaches fit 
together to enhance the overall environmental decision-making process, and areas of data 
commonality to avoid unnecessary duplication of effort (De Smet et al., 1996). The working group 
emphasised the need for closer integration between different environmental tools. 
It is not within the scope of this chapter to review all of the environmental management 
approaches listed in Table 2-1, and only a few will be discussed which are thought to be 
particularly relevant to this thesis. Environmental Risk Assessment and Environmental Impact 
Assessment use similar data to LCA, but differ significantly in scope and system boundaries. 
These tools may provide essential information that is often required in conjunction with LCA to 
cover some of the more site-specific issues. This will become apparent in Chapters 5 and 6 of this 
thesis which will discuss the developments made in LCA methodology in order to assess 
radiological impacts in the Nuclear Fuel Cycle. Cost Benefit Analysis, which can be conducted 
using a 'cradle-to-grave' approach, will also be reviewed as this technique has formed the basis for 
many of the fuel cycle studies that will be discussed later in this chapter. 
2.2.1 Environmental Risk Assessment 
The aim of Environmental Risk Assessment (RA) is to estimate the risk of a haza d and evaluate 
the significance of this for those affected by the decision. The risk value is defined as the 
combination of the probability, or frequency, of occurrence of a defined hazard and the magnitude 
of the consequences. It is frequently used to assess the probability and likely consequences of a 
catastrophic events, but does also deal with the risks from regular emissions. The assessment 
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relies on detailed site-specific information for its accuracy, and is based on a numeric appraisal of 
probability and magnitude of impact. It therefore suffers from the potential weakness that non- 
quantified parameters must either be forced into a numerical representation, based on arbitrary 
considerations, or ignored (Wathern, 1995). There will therefore be several uncertainties 
associated with the potential damage estimates which may be obscured within the analysis. The 
danger is that decision makers give such a highly quantified assessment greater confidence than is 
warranted and hence weight them more highly than more descriptive treatments of likely impacts 
(Wathern, 1995). 
In the evaluation part of Risk Assessment, a judgement has to be made of what degree of harm is 
tolerable. "Tolerability" refers to a willingness to live with a risk so as to secure certain benefits, 
in the confidence that it is being properly controlled (DoE, 1995). This judgement requires a 
knowledge of risk perception, i. e. the overall view of risk held by a person or a group, and the 
trade-offs between perceived risks and perceived benefits. This is often difficult as the 
consequences and benefits may not fall on the same person and their perception of risk may differ. 
The decision is largely affected by the issues listed in Table 2-2. 
Table 2-2 Issues affecting peoples perception of risk (DoE, 1995) 
familiarity people tend to underestimate the risks which are familiar to them and to 
overestimate those that are unfamiliar. 
control people tend to underestimate the risks from an activity over which they 
have control compared to one in which they are in other people's hands. 
proximity in space people may overestimate risks of something which might occur near to 
them and underestimate those that will occur at a location remote from 
them. 
proximity in time people tend to ignore the effects of risks that are going to arise much 
later in time. 
fear of the unknown people exaggerate the risks associated with phenomena they do not 
understand 
scale large scale consequences (not necessarily high probability) usually get 
more media attention and this may concern politicians and businesses 
more. 
The above issues make it difficult to set acceptable or not acceptable risk limits. This has been a 
particular topic of debate with respect to potential hazards from radioactive waste disposal. This 
will be discussed in more detail in Chapter 5, but it can be mentioned briefly here that the 
individual risk level which is currently recommended by the National Radiological Protection 0 
Board (NRPB) of being broadly acceptable with respect to radioactive waste disposal is 10-6. This 
means aI in 1,000,000 chance per year for an individual in a critical group to contract fatal cancer 
or hereditary defects. This 
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is about 1% of the average background risk arising from natural sources of radiation (POST, 0 
1997). This risk has also been put in context of some other typical risk levels in Table 2-3. 
Table 2-3 Typical risk levels (POST, 1997) 
Activity Risk of Death per Year 
Smoking 10 cigarettes per day I in 200 
Natural causes at age 40 1 in 700 
Coal mining 1 in 7,000 
Road accidents 1 in 14,000 
CJD (The Guardian, 12.05.97) 1 in 1,000,000 
The risk of smoking 10 cigarettes per day is acceptable for many people while any risks from 
nuclear power greater than 10-5 (10 %of natural background risk level) cannot be justified. This 
is largely due to the issues listed in Table 2-2. 
The goal and scope of Life Cycle Assessment and Risk Assessment and their contribution to 
decision making are very different. As highlighted in the discussion above, Risk Assessment 
emphasises human health effects, especially potential mortality due to cancer or catastrophic 
accidents, and often neglects other ecosystem effects. LCA, however, only consider human health 
effects from toxic emission and is more concerned with global effects such as Ozone Depletion or 
local impacts on the ecosystem such as Eutrophication. It also tends to concentrate on the impacts 
of the routine operation of the system under study and does not normally consider accidents. 
Further, Environmental Risk Assessment attempts to predict actual effects that are likely to occur, 
and it takes into account the site-specific details influencing this. LCA only assesses potential 
impacts and does not go into the same spatial and temporal details. The focus is on environmental 
interventions arising from a system from Cradle-to-Grave and the assessment often crosses 
national boundaries. There are, however, several aspects of Risk Assessment which could be 
usefully incorporated into LCA. For example, it has been proposed that LCA should also look at 
occupational health and the work environment (see Chapter 3). This would require much more 
detailed information on exposure, accidents and risks. Risk Assessment could also be an important 
component of the Impact Assessment phase in LCA when assessing site-specific issues such as 
solid waste disposal. In these cases LCA may benefit from the greater sophistication of Risk 
Assessment in the treatment of predictive analysis and probability. This is further discussed in 
relation to radiological impacts in LCA, in Chapter S. Risk Assessment will be limited to specific 
parts of a life-cycle, however, as it is a very time and resource consuming tool. It would be outside 
the scope of a LCA to consider Risk Assessment for all sites throughout a study, even if their 
geographical locations are known. 
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2.2.2 Environmental Impact Assessment 
Another site-specific tool which has evolved in parallel with Risk Assessment is Environmental 
Impact Assessment (EIA). This is essentially a project tool which assesses the environmental 
implications of a large plant or infrastructure development. Environmental Impact Assessment has 
become a widely accepted procedure in environmental management, and many countries have 
adopted it as a requirement for new developments to be granted a license to operate. In the United 
States of America, for instance, the National Environmental Policy Act of 1969 require EIA for all 
types of federal actions significantly affecting the environment including the passing of legislation. 
In the European Community, a directive was adopted in 1985 which makes EIA mandatory for 
certain categories of projects. 
The Environmental Impact Assessment procedure may be divided into four main steps (OECD, 
1995): 
1. analysis of the environment in which the project will be placed; 
2. analysis of the project so as to establish both the impacting factors and their level of 
danger for the specific environment; 
3. identification of the impacts and their valuation, referring to their amplitude, 
importance (positive and negative), probability, duration, reversibility, etc.; 
4. evaluation of alternatives. 
These steps are closely linked to those of an Environmental Life Cycle Assessment. The main 
drawback lies in the lack of a 'cradle-to-grave' approach. This means that a project may be 
optimised environmentally with respect to a specific site, but with no regard to potential shifts of 
burdens to other sites and life-cycle stages. LCA, however, focuses on the entire life cycle of a 
product or service and allows phases such as product distribution and consumption to be included. 
This has brought LCA much closer to the concept of "industrial ecology" and has contributed to 
consumer awareness of the consequences of their action as well as influenced producers to 
understand and control the overall environmental consequences of the products they market 
(OECD, 1995). Environmental Impact Assessment, however, is more limited in use and is 
normally applied in the assessment of specific project proposals rather than the generation of 
alternatives to existing developments, and in wider policy making (Wathern, 1995). Similarly to 
Environmental Risk Assessment, EIA attempts to quantify actual impacts. It is therefore site- 
specific and uses advanced impact-pathway models which require a large amount of site-specific 
data. This expertise may be integrated into LCA and contribute positively to the quantification of 
impacts when assessing environmental interventions which are particularly site-dependent. This is 
because certain issues or impacts may not be so apparent if data is averaged over several sites. ?P 
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One particular example is the resource extraction stages and this is discussed in more detail with 
respect to uranium mining in Chapter 4. This industry is particularly dependent on local geology 
and the impacts may often be difficult to quantify. Another issue which was mentioned in section 
2.2 is that Life Cycle Assessment lacks procedures for public involvement in the design and 
critique of an analysis (Cowell et M., 1997). If LCA is to be recognised as a process for decision 
making, it has much to learn from EIA which has formal procedures for incorporating subjective 
values through stakeholder consultation and participation. 
2.2.3 Cost Benefit Analysis 
Cost Benefit Analysis is commonly applied to the assessment of different fuel cycles and in this 
context it resembles LCA in that it sometimes takes a cradle-to-grave approach, is not constrained 
to site-specific boundaries and aims to compare the environmental impacts associated with 
different scenarios. Cost Benefit Analysis differs ftom LCA, however, in that it seeks an 
identification of impacts connected with alternative courses of actions using monetary valuation. 
The idea is that all impacts can be traded against each other in monetary terms and that the analyst 
can refer to the 'correct' price of each impact for purposes of societal evaluation (S6derbaum, 
1996). Some of the costs imposed on society and the environment are not accounted for by the 
producers and consumers through market prices. These unpriced impacts are referred to as 
externalities, and are the most important feature of environmental Cost Benefit Analysis. 
Extemalities are defined as (ExternE, 1995): 
"The costs and benefits which arise when the social or economic activities of one group of 
people have an impact on another, and when the first group fail to fully account for their 
impacts". 
The externalities reflect the damages to human health, the environment and also some non- 
environmental externalities, such as employment and energy security, which are not reflected in 
for example the energy prices. During the past decade, there has been increased interest in the 
assessment and integration of external costs into decision making processes. The economic 
concern is that if the price mechanisms are not corrected for these externalities, the resources 
which are not properly reflected in the prices (e. g. environmental quality) will be over-exploited 
(ExternE, 1995). The neo-classical view is, if external costs are intemalised in prices (e. g. through 
pollution taxes), this will prevent environmental degradation and ensure more optimal welfare. 
The underlying principle in monetary valuation is to obtain the "willingness-to-pay" (WTP) of the 
affected individual to avoid the negative impact, or the "willingness-to-accept" (WTA) payment as 
compensation if a negative impact takes place. For commodities that are openly traded, market 
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prices may be used. However, there are also items which influence welfare, e. g. clean air or a fine 
view, which do not pass though markets and does not have a direct price. For these impacts, the 
following techniques are commonly used (ExternE, 1995): 
Contingent valuation - find WTP or WTA by direct questionnaire 
Hedonic price method - express WTP through related markets, e. g. property 
values 
Travel cost method - express WTP through expenditure on recreational 
activities 
In Contingent valuation, preferences of individuals are gathered by directly asking people how 
they would respond to hypothetical changes in environmental quality. The two latter techniques 
are often used when no direct market prices exist for an environmental service, but there are links 
with other markets and the price may be determined indirectly. In these cases the value may be 
calculated by trying to find a relationship between the demand for the environmental good under 
examination and the demand for a complementary good actually traded on a market. 
Monetary Valuation is often criticised from both environmental and ethical points of view due to 
major problem areas such as the valuation of goods not traded in markets and the process of 
discounting environmental impacts (Hanley, 1990). These will be discussed here with particular 
reference to the use of Cost Benefit Analysis and monetary valuation in the assessment of the 
Nuclear Fuel Cycle. The use of methods such as Contingent valuation to value items which are 
not related to market prices is potentially subject to biased responses, and an uncertainty in the 
results of plus or minus 50 % is not untypical. One objection often voiced in the use of WTP is 
that it is 'income constrained', i. e. the basic inequalities in society result in different values being 
put on the environment by different people (ExtemE, 1995). There may be great differences 
between the WTP and WTA measure as WTP may be constrained by income or wealth, while 
WTA is not. Further, for health-related damages, individuals have very different WTA's for C) 
increased risk, depending on whether the risk is voluntarily incurred, or whether it is imposed from 
outside. This was discussed in Section 2.2.1 on Risk Assessment and clearly illustrated by the risk 
values in Table 2-3. It will also be discussed in Chapter 3 with respect to uranium miners and their 
work environment. These workers are the most exposed in the Nuclear Fuel Cycle, but their 
willingness-to-accept this radiation risk is probably a lot higher than the public's willingness-to- 
accept a much smaller radiation risk from a radioactive waste repository. The differences between 
occupational and public risks are not transparent in monetary valuation. Hence the environmental 
impacts of uranium mining in, for example, Namibia would get much less weighting than the 
impacts of a waste repository in Cumbria. The LCA, Risk Assessment or Environmental Impact 
Assessment approaches would give a very different representation of this problem, and this will be 
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illustrated in a case study in Chapter 7. Hedonic pricing and the Travel cost method suffer from 
similar problems in their application to environmental issues. Hedonic pricing may estimate the 
value of clean air from the difference in prices of housing in different locations. This makes 
implicit assumptions about an efficiently operating housing market and that the current house 
prices reflect future environmental quality levels (Hanley, 1990). The travel cost method which 
uses travel costs as a proxy for price, suffers from problems such as the treatment of respondents 
who visit more than one site on the day out and over the treatment of 'holiday-makers' travel costs 
and over the value of time (Hanley, 1990). The ethical concern with respect to the valuation 
methods discussed above is that they regardy mankind as the measure and aim of the universe. 
Environmental burdens affect the well-being of humans as well as non-human organisms, but the 
basis of monetary valuation is entirely anthropocentric and individualistic. Ethical concern for the 
environment, however, is based on the idea that the natural environment is of instrumental value to 
human beings, or on the idea that the natural environment is non instrumentally valuable, meaning 
that it is valuable in its own right independently of any benefits it confers on human beings (Booth, 
1994). In both cases it is argued that Cost Benefit Analysis is limited to those cases where 
elements of the environment are instruments for which there are substitutes. If some 
environmental assets are considered to be priceless, however, then the whole compensation 
criterion in monetary valuation would fail. 
One of the major items of controversy with respect to the application of Cost Benefit Analysis to 
environmental management is the idea of discounting and the derivation of the discount rate 
(Hanley, 1990). Discounting is the practice of placing lower numerical values on future benefits 
and costs as compared to present benefits and costs. As discounting makes the distant future 
almost valueless, economists take an ethical position about the claims of future generation when 
choosing a discount rate. This has become the principal environmental critique of discounting and 
the discussion has particularly focused on the cost of potential impacts from nuclear waste 
repositories which may arise far into the future. The need to protect the interest of future 
generations may be divided into four philosophical viewpoints (Spash, 1992): 
a) the claim that no moral obligations exist beyond the immediate future; 
b) the claim that moral obligations to the future exist, but that the future should be 
assiged less weight than the present; 
C) the claim that the rights and interests of future persons should be the same as those 
of contemporary persons; and 
d) that moral obligations to the future exist, and that the future should be assigned 
more weight than the present. 0 
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These viewpoints may be correlated to the economic discount rates, where a) is infinite 
discounting; b) is a positive discount rate but less than infinity; c) represents zero discounting; and 
d) is a negative discount rate. What the discount rate should be or whether it should be set at all, is 
a continuous topic of debate, and the outcome of monetary valuation studies will greatly depend on 
the standpoint taken 2. Increasingly, discounting has been applied to the assessment of radioactive 
waste and nuclear decommissioning strategy. When modelling the normal evolution of a High 
Level Waste repository, radioactive releases will reach the human or the non-human biota at some 
future date (see Chapter 5). In the case of some radionuclides, the maximum dose may be received 
10,000,000 years from the time when the waste is buried. When discounting, these burdens are 
assumed to be less onerous for future generation and will be undervalued in comparison to burdens 
arising directly from the fuel cycle. It has been shown in the ExternE study which employs the 
monetary valuation method that if M discounting rate is used, High Level Waste disposal does 
not contribute to the external costs of the fuel cycle at all due to the long time frames involved. 
This study will be discussed in more detail in Section 2.3.1. There is no unambiguous and ethical 
way of deciding on the "right" discount rate in such cases. 
2.3 Fuel Cycle Studies 
The discussion on different environmental management approaches has highlighted some of the 
similarities and differences between LCA and other management tools. A thorough discussion of 
Life Cycle Assessment will take place in Chapter 3. The following section will show why LCA is 
a particularly useful tool in the assessment of fuel cycles, and how the approach taken in this thesis 
differ from other studies of the Nuclear Fuel Cycle. 
As was discussed in Chapter 1, there is an emerging need to assess the use of our scarce resources 
and the environmental impacts associated with different energy programmes, and there has been a 
growing interest in the development of improved techniques together with databases to assess the 
different electricity generating systems. Although many of the studies in this area have different 
scopes and may use different approaches, their common aim is to work towards a comprehensive 
framework which can be used in strategic energy planning. Throughout the 1970's and early 
1980's, the dominant analytical approach to the environmental appraisal of electricity supply 
options was provided by comparative Risk Assessment, while in the late 1980's, Cost Benefit 
Analysis became the dominant technique (S6derbaum, 1996). Risk Assessment which was 
reviewed in Section 2.2.1 mainly uses deaths and injuries as impact indicators, while Cost Benefit 
Analysis (Section 2.2.3) focuses on markets and prices and the cost imposed on society and the 
A more thorough discussion of the various arguments may be found in Hanley (1990) and Spash (1992). 
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environment. Most of the recent fuel cycle studies have been based on this latter approach and 
many of these adopt some sort of "Cradle-to-Grave" analysis. The most important ongoing 
initiatives in Europe which consider the Nuclear Fuel Cycle are the ExternE, Decades and GaBE 
projects, while in the UK some smaller fuel cycle studies have been carried out at the University of 
East Anglia and the University of Keele. These studies will be discussed in more detail below. 0 
2.3.1 ExternE 
The "External costs of fuel cycles" project (ExternE) was initiated by the European Community 
and the US Department of Energy in 1991. The main aim was to develop a conceptual approach 
and consistent methodology for assessing the external costs of fuel cycles used to generate 
electricity and to be able to compare various fuel cycles to each other. The follow up of this 
research programme continued in Europe and expanded to include the implementation of the 
methodology in various EC countries. The work was driven by the following objectives (ExternE, 
1995): 
* to integrate environmental concerns into decision making 
0 to evaluate costs and benefits of stricter environmental standards 
0 to use economic instruments for environmental policy 
* to develop policy initiatives to encourage competition and the market mechanism in the 
energy sector 
One of the first attempts to estimate the external costs of fuel cycles was carried out by Hohmeyer 
(1988). This study was characterised as a 'top-down' approach as it used highly a- egated IV 
national emission data to estimate the average damage cost of particular pollutants. It was based 
on approximations and previous estimates of total damages from power production, and it did not 
take into account the different stages of the fuel cycle. In contrast, the ExternE study uses a 
'bottom-up' or impact pathway approach which uses technology specific emission data for 
individual locations. It also considers the fuel cycle from 'cradle-to-grave', i. e. from fuel 
extraction and processing to power generation and waste disposal. The methodology, therefore 
includes aspects of Environmental Impact Assessment in its quantification of environmental 
impacts, but it considers these in the context of a Life Cycle Thinking framework. The use of the 
EIA approach for all sites in the fuel cycle is very intensive with respect to data requirements 
however and the study therefore chose to assess only "priority impacts". This restricts the 
coverage of the analysis, and it tends to focus on areas where data are available and impact 
pathways can be established. This drawback of the methodology will be discussed in more detail 
below with specific reference to the Nuclear Fuel Cycle. The economic theory behind the bottom- 
up approach is that it determines the marginal external costs and benefits because decision makers 
can only affect energy supply at this level, i. e. the choice of whether to build a plant or not. The 
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counter argument in favour of the top-down approach is that when comparing different fuel 
options in energy policy, only the average pollution effects are appropriate not the site-specific. 
The problem with average pollution effects, however, is that they may easily underestimate the 
impacts of some pollutants. 
One of the most important differences between the approach taken in the ExtemE project and that 
of a traditional LCA, is that it relates the environmental impacts to monetary values. The analysis 
is conducted on a marginal basis to allow the results to be used to assess the incremental effects 
and costs associated with investments in new power projects or changes in government policy 
(ExtemE, 1995). The focus is strategic planning in the energy sector as a whole, while this thesis 
aims to assess potential changes in technology within the Nuclear Fuel Cycle itself and to highlight 
areas of importance with respect to environmental performance. In order to compare the 
methodology used in the ExtemE programme with that of this project, the Nuclear Fuel Cycle 
analysis which has been carried out for France is discussed in more detail here. The study 
considers a reference site and a 1990s reference technology for each stage of the fuel cycle, 
including a hypothetical site for the High Level Waste disposal facility. The nuclear reactor 
technology chosen is that of a Pressurised Water Reactor (PWR), and in order to evaluate the 
incremental impact of an additional power station, construction and decommissioning are also 
included for this stage. The transportation of materials between sites is considered as a separate 
step. Although reprocessing is considered as a fuel management option, the fuel cycle is not 
closed as described in Chapter 1. Hence, the use of reprocessed uranium within the cycle, for 
example, and the potential reduction in uranium mining is not accounted for. In the LCA 
developed in this thesis, this is considered an avoided burden 3 and an important trade-off to be 
considered when assessing different fuel management options. This is illustrated in one of the 
Case studies in Chapter 7. 
An impact pathway approach is used to assess the radiological and non-radiological impacts of the 
main sites in the fuel cycle. Due to the amount of data required for the impact-pathways approach, 
the analysis only covers those effects that (according to the authors) will provide the greatest 
externalities. Scoping calculations are used to gain some idea of the likely magnitude of the 
impacts from the fuel cycle before the priority impacts to be included in the evaluation are 
selected. In general the study concludes that the priority impacts that result from the Nuclear Fuel 
Cycle are related to human health. Some potential environmental impacts are identified but are not 
considered to contribute an important proportion to the total impacts of the cycle. Impacts from 
secondary processes are excluded as they are seen to be trivial in comparison to emissions from the 
3 Avoided burdens are defined in Chapter 3. 
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main facilities. Hence the impact assessment is limited to the priority impacts resulting from the 
main stages in the fuel cycle and only radiological and non-radiological impacts on human health 
are considered. Further, the non-radiological impacts only include health impacts due to 
occupational accidents and traffic accidents. No account is made for the potential impacts of 
routine releases of other pollutants to the environment. This aspect differs significantly from the 
LCA presented in this thesis which considers both environmental impacts and human health 
impacts from both the foreground and background system4 and no weighting of importance or 
prioritisation is carried out with respect to the different impacts. It will actually be shown in the 
case studies in Chapter 7 that many of the differences in environmental impacts between the fuel 
cycle stages lie in the background system and these are mainly non-radiological burdens. With 
respect to solid waste, the ExtemE project makes the assumption that releases from uranium mine 
tailings stop at the closure of the facility while in the modelling of radionuclide leakages from 
geologic repositories, an arbitrary time limit of 100,000 years is set for the assessment. Future 
environmental impacts from the mining tailings are ignored because "at the reference sites, the 
risks of contamination of the ground water are limited ...... and "the 
local population does not use 
the groundwater for consumption, so this has not been considered to be a priority pathway" 
(ExtemE, 1995). This justification is entirely based on site-specific issues and it is argued here 
that the potential impacts from uranium mine tailings are underestimated in comparison to solid 
radioactive waste from the other fuel cycle stages. Uranium mine tailings are classified as Low 
Level Waste 5 and the importance of protecting the public from this waste has been emphasised by 
the European Community as the collective doses from mill tailings in the distant future may be 
more than those from wastes buried deep underground (Select Committee, 1988). Another issue 
which is not made transparent in the ExternE study is that the environmental impacts associated 
with uranium mining and milling are site-specific and dependent on the local geology. This will 
be discussed further in Chapter 4 of this thesis. 
23.2 Decade 
In parallel with the initiation of the Externalities of fuel cycles study, several international 
organisations having responsibilities and expertise in different topics related to electricity, health C' 
and environment, established in 1992 an inter-agency joint project called DECADE (Data Bases 
and Methodologies for Comparative Assessment of Different Energy Sources) 
6. The objective is 
4 The forevound system considers the main stages in the fuel cycle while the background system includes the materials and energy 
feedin- into these. The distinction is further described in Chapter 3. 0 
See Chapter 5 for radioactive waste classification. 
6 The DECADES project is carried out jointly by the European Commission (EC), the Economic and Social Commission for Asia and 
the Pacific (ESCAP), the Intemational Atomic Energy Agency (IAEA), the International Bank for Reconstruction and Development 
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to incorporate health and environmental issues in the comparative assessment of different 
electricity generation systems used in the process of planning and decision making in the 
electricity sector (IAEA, 1995). The project aims to provide comprehensive information on fossil 
fuels, nuclear power and renewable sources for use by energy analysts and planners in national 
institutes, in particular in developing countries and international organisations. In order to cover 
the main issues to be addressed, the DECADES project is focusing on (IAEA, 1995): 
"a technology inventory (characterisation of energy chains for electricity generation, 
from fuel extraction to waste management) 
" the development of a software package for electricity system analysis and expansion 
planning incorporating economic, technical and environmental aspects 
" Review of methodologies, analytical models and computerised tools for comparative 
assessment 
9 Case studies addressing specific national or regional issues 
The project is currently in its first phase which concentrates on the characterisation of technologies 
for the different energy chains. Emphasis has been given to the establishment of data bases and 
the development of computer tools. The DECADES databases which are provided in electronic 
form, are structured within three main blocks: technology inventory; effects of pollutants; and 
health and environmental impact assessment. These are described briefly below: 
Technology database Technical and economic parameters as well as emissions and 
other burdens for electricity generation chains 
Toxicology database Information about dose effect relationships and coefficients for 
selected toxic emissions and releases from the energy chains 
Impact database Information on health and environmental impacts of different 
power plants and fuel chains 
The software package (DECPAC Phase 1) implemented in the first phase of the projects is intended 
to be a screening tool for preliminary assessment and selection of options that might be 
investigated further in the decision making process. The technology inventory databases are 
linked to this software tool. Furthermore, the first phase includes an extensive review and 
documentation of different methodological approaches for comparative assessment, and the 
(IBRD/World Bank), the International Institute for Applied Systems Analysis (IIASA), the Nuclear Energy Agency of the OECD 
(OECDNEA), the Organisation of the Petroleum Exporting Countries (OPEC), the United Nations Industrial Development 00 
Organisation (UNIDO) and the World Meteorological Organisation (WMO). 
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initiation of exploratory case studies to illustrate the use of data and tools in decision support 
studies for the electricity sector. The review includes a description of the main characteristics, 
capabilities and limitations of selected analytical tools. As none of these tools incorporate a 
complete modelling capability of all elements constituting a comparative assessment framework, 
the case studies will rely on different approaches selected according to the objectives of the 
particular study (IAEA, 1995). It is expected that the second phase of the project will address the 
issues of impact assessment and integration of impact indicators in the decision making process. 
Further , the case studies being carried out in the first phase are exploratory and will be extended 
in the second phase to provide for systematic testing and demonstration of the use of the 
DECADES tool in planning and decision making for the electricity sector. 
The scope of this project is quite extensive and it is quite difficult to compare it with this LCA as 
much of the study is not yet publicly available. The aim is to establish a country specific 
framework for electricity planning, and generic data is provided as well as a computer structure for 
collecting, storing and processing specific national data. The study makes use Of information from 
several disciplines and goes much further towards an all-encompassing decision making tool than 
the ExternE project which base its conclusions on the economic aspects of the fuel cycles. The 
Decades project, however, aims to consider all the environmental, health, technological and 
economic issues associated with different electricity generation systems and to make this available 
to decision makers for further analysis. The project will only provide generic, average data, 
however, and it will be up to the individual user to collect more site-specific information. Further, 
it does not consider the impacts associated with secondary processes in the background systeM3. 
The project adapts a cradle-to-grave approach when collecting the data, but it is unclear whether 
the system is related to a functional unit as in a Life Cycle Assessment study. 
23.3 GaBE 
Another project with similar scope to the DECADE project is an ongoing Swiss multi-disciplinary 
research project called GaBE ("Ganzheitliche Betrachtung von Energiesystemen") or 
"Comprehensive Assessment of Energy Systems". The study is a collaboration between the Paul 
Scherrer Institute (PSI) and the Swiss Federal Institute of Technology in ZUrich (ETH) and was 
initiated in 1993. The objective of this project is to develop, implement and use a comprehensive 
methodology for the assessment of energy sources under Swiss conditions and thereby provide 
scientific support to the decision-making process concerning future configuration of the Swiss 
energy system (Hirschberg et al., 1994). The assessment addresses health risks, environmental 
impacts and economic aspects associated with fossil fuel, nuclear and renewable energy systems. 
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The focus of GaBE project is on the Swiss-specific case, but full energy chains are considered. A 
detailed study of ecological inventories for energy systems with end-use in Switzerland was jointly 
developed in the period 1990-1994 by ETH and PSI, and this has formed the inventory used in the 
project. The main goal of the inventory was the development of total emissions and resource 
requirements for complete Full Energy Chains (FENCHs) (Hirschberg et al., 1994). The intention 
was to provide a support database for the Life Cycle Analysis of goods and services by converting 
the energy requirements into corresponding environmental emissions and resources. The energy 
carriers covered included: hard coal, brown coal, oil, gas, nuclear and renewable sources such as 
hydro, photovoltaic, biomass and solar. General conclusions on the fuel usage, electricity 
consumption, material consumption and greenhouse gas emissions from the various fuel cycles 
may be drawn from this extensive database, but no overall recommendation can be made from the 
inventory itself. This database is currently the most comprehensive inventory of energy systems 
which includes all the stages in the fuel cycles from resource extraction to waste management and 
it also includes data on the background system. It is therefore frequently used in LCA studies, and 
will be discussed in more detail in Chapter 4 of this thesis. The data is mainly collected from 
literature and is averaged over several sites. It can therefore not be combined with the site-specific 
impact pathway approach in ELA. It lends itself very well, however, as a database for the 
background system in Life Cycle Assessment. 
The work performed on severe accidents in the GaBE project is divided into actual experience data 
and predictive assessments (Hirschberg, 1994). For the actual experience data, nine major 
databases on severe accidents have been combined and analysed with respect to energy-related 
events. Only events with five or more fatalities are considered. These are allocated to different 
fuel cycles and fatality rates are calculated and normalised per unit of electrical output. The use of 
historical data on severe accidents, when evaluating current and future options, is subject to a 
number of serious limitations due to changes in technology and safety regulations and great 
variability between different countries with respect to these issues. The GaBE project is therefore 
also looking into the application of probabilistic Risk Assessment techniques, particularly for 
technologies with few relevant accidents experienced in the past, but where very severe 
consequences can not be excluded (Hirschberg, 1994). The project also aims to extend the studies 
on severe accidents to include other impacts than health effects and to combine this risk 
information with impacts arising from the routine operation of the fuel cycles. The closer 
integration of Risk Assessment and Life Cycle Assessment for use in decision making was 
highlighted earlier in this chapter, and the results of the GaBE study can make an important 
contribution to this work. The use of Risk Assessment in connection with the routine operation of 
the Nuclear Fuel Cycle will be discussed in more detail in Chapter 5. 
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2.3.4 Studies in the UK 
Institutes and companies in the UK are involved in both the Decades and the ExternE projects. 
Various smaller projects have also been carried out on the Nuclear Fuel Cycle for Nuclear Electric. 
The Centre for Environmental and Risk Management at the University of East Anglia has 
completed a study called "An assessment of the comparative Health Risks of some Nuclear, Fossil 
and Renewable Electricity Generation Options" (Ball, 1994). This project was originally 
commissioned in 1989 by the Central Electricity Generating Board but was passed on to Nuclear 
Electric in 1990. The study adapts a Life-cycle approach to comparative Risk Assessment and 
considers all stages of each cycle, from fuel extraction to plant construction, operation and final 
decommissioning. The objective is to examine the human health risks associated with the best- 
documented technology options for supplying large scale electricity generation schemes within 
Britain during a time scale of two or three decades. The options chosen for examination are tidal 
power, on-shore wind, off-shore wind, nuclear, coal, oil and gas and the data is normalised to the 
production of one GWa (gigawatt-annum). The analysis includes both acute and chronic health 
risks as well as those of major accidents. The work concentrates on occupational and public risk 
attributable to work place dust exposures, flue gas or radioactive discharges to the environment but 
excludes continental and global scale risks associated with acid deposition and greenhouse gas 
emissions (Ball, 1994). The study does not consider the risk from secondary processes such as raw 
material production except in the case of some renewables. An exception is made for renewables 
as it is thought that the production of raw materials used for construction of these facilities may be 
a major source of risk for these fuel cycles while for the non-renewables such as coal, greater risks 
are thought to arise from the main fuel cycle stages. The way the system boundaries have been 
drawn in this project therefore seems rather arbitrary and based on personal judgements before the 
study has been carried out. The data used for this project is actual experience data, and suffers 
from the same limitations as were discussed in connection with the GaBE project. Accident rates 
may be quite different across the globe and the definition of what constitutes an injury, for 
example, may differ between countries. 
The results of the study indicate that the occupational risks are highest for coal mining and for the 
construction phase of off-shore wind farms due to high risk factors assigned to hazardous 
environments such as the North Sea. Health risks from routine emissions from the plants are found 
to be very uncertain as it is difficult to allocate these to specific pollutants. With respect to the 
Nuclear Fuel Cycle, individual radiation doses to the public are found to be insignificant compared 
to those from natural background radiation and the risks of any major accidents are also found to 
be small. In general the study is reluctant to make any firm conclusions due to the high level of 
uncertainty in the results. The authors conclude that the more important issues in energy choices 
in Britain appear to be security of supply, optimum utilisation of nation's resources and the many 
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environmental implications of fuel cycles rather than the associated health risks (Ball, 1994). This 
conclusion indicates that assessment of different fuel cycles should concentrate more on potential 
impacts on the environment rather than occupational injuries and potential severe accidents, as has 
been done in this study as well as the ExternE study. 
The Department of Economics at Keele University completed an Input-Output analysis for Nuclear 
Electric in 1994 called "The Lifetime Resource and Pollution Implications of Various Types of 
Electricity Generation" (Proops et al., 1994). The aim of this study was to examine the life-cycle 
implications of cur-rent forms of electricity generation during construction, operation and 
decommissioning of various power stations. The term "life-cycle" is frequently used in the study, 
but it should be noted that this can not be considered a life-cycle approach as only the electricity 
generation stages are considered. The study calculates the requirements of energy, electricity and 
labour for the three phases, construction, operation and decommissioning, and the economic 
implications due to the pollutants C02, S02 and NO,, (Proops et al., 1994).. The project does not 
cover the environmental effects of liquid or solid wastes, and no radiological burdens are included. 
The study is therefore very limited in scope in comparison with the other studies discussed in this 
chapter. 
2.3.5 Discussion 
The review of different environmental decision support tools in this chapter has highlighted that 
Life Cycle Assessment differs significantly from other approaches in that 
Fit-(66nsiders the whole 
life cycle of a product or service and provides a more holistic approach to assessing the 
environmental burdens of the systejýj It must be appreciated however, that decision making can 
not be based on Life Cycle Assessment alone, and the limitations of the methodology must be clear 
and transparent so that they can be appropriately addressed in the study. This will be discussed in 
more detail in Chapter 3. 
rCombining Life Cycle Assessment with other tools such as 
environmental Risk Assessment or Environmental Impact Assessment can provide important 
information for use in LCA and will strengthen its application in decision making. This has been 
addressed in Chapters 5 and 6 in this thesis in connection with radiological impacts arising from 
the Nuclear Fuel Cycle. It must be remembered, however, that RA and EIA are site-specific 
approaches which are not entirely compatible with the holistic nature of LCA and the use of these 
will be limited to specific cases of LCA. In this thesis, for example, these approaches have been 
found particularly useful when determining the impacts from solid radioactive waste. 
The different fuel cycle studies which have been reviewed in this chapter make use of all the 
environmental management approaches discussed in this chapter in their individual ways and a 0 
summary of the main features are shown in Table 2-4. 
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Table 2-4 Fuel cycle studies 
Study Description 
ExternE - Life Cycle approach; 
Scope: economic externalities for 0 inventory: site-specific, secondary processes not included; 
use in energy policy decisions 0 impact-pathway approach to measure effects; 
Status: methodology complete, 0 priority impacts: only radiological health effects and non- 
but case studies are ongoing radiological health effects from accidents considered 
0 monetary valuation 
DECADES Life Cycle approach 
Scope: comparison of fuel cycles 0 inventory: generic, not site-specific, secondary processes 
for use in energy planning and not included 
decision making particularly in 0 impact assessment approach not ready 
developing countries 0 aims to assess environmental impacts, health effects, Status: ongoing different technologies and economics 
GaBE 0 Life Cycle approach 
Scope: comparison of fuel cycles 0 inventory: generic but related to Swiss conditions as far as 
for use in energy planning and possible, secondary processes included 
decision makim, in Switzerland 0 0 impact assessment approach not ready Status: ongoing 0 aims to include Risk Assessment 
University of East Anglia 0 Risk Assessment (life cycle approach) 
Scope: comparison of health 0 inventory: collated from various international studies 
risks associated with existing 0 priority impacts: health risks 
electricity generation schemes in 
the UK 
Status: complete 
University of Keele 0 Economic input-output analysis 
Scope: comparison of 0 inventory: collated from various literature sources 
environmental cost estimates for * priority impacts: energy, electricity, labour, C02 S02 and 
various electricity generating NO,, 
plants 
Status: complete 
Note: the comparison IS based on best available information when writing this thesis, and more information on some of the ongoing 
studies will be available in the future. 
The characteristic of all the projects discussed above is that they aim to compare different fuel 
cycles to promote public debate or to be used in public decision making. The only project which 
includes different types of technology is the DECADES project. This differs significantly from 
the aim of this project, which is to assess the impact of different fuel management options or 
different technologies in the UK Nuclear Fuel Cycle itself, in order to develop a tool which can be 
applied for internal process development and improvement rather than policy making. The 
difference in scope distinguishes this project from the others and is the underlying thread through 
the discussion below. 
26 
Chapter 2 Literature review 
A Cradle-to-Grave approach is used in the ExternE, DECADE and GaBE projects, but they do not 
go into the same process detail as this study does and only the GaBE project consider the 
background system. As process technology in reprocessing is going to be assessed in this LCA, a 
more detailed subdivision of the facility is necessary. This level of detail would not be required if 
the aim was purely to assess the existing fuel cycles and not future technology. With regards to 
the background system, it will be shown in this thesis that the impacts from the background system 
may often be significant when comparing different fuel cycle stages. Another feature of some of 
the studies discussed in this chapter is that they only account for priority impacts in the system. 
The focus of the ExternE project and the studies at the universities of East Anglia and Keele is on 
human health impacts and in many cases environmental impacts are not included at all. In this 
study no priorities will be given to any specific problems as this would make the study less 
objective. The ExternE project and the input-output analysis from Keele university also use 
monetary valuation to reach a final conclusion. An economic evaluation approach will not be used 
in this study and no attempt will be made to reach a final "score". It is believed that weighting 
problems using economic values or other indexes normally involves a topical decision which is not 
always based on scientific facts. This project aims to present transparent results which will give 
an indication of where efforts will have to be concentrated. 
The project which follows the most similar approach to this study is the GaBE, but the scope is 
different. The ETH database from this project is now recognised as one of the most 
comprehensive databases currently available on energy systems and is widely used within the LCA 
community. It can therefore provide important support data for the background systeM3 in the 
LCA developed in this thesis, but it can not be used in the foreground system as the data is 
averaged and compiled from various sources and does not refer to the sites considered in this 
study. There is little data available for Nuclear facilities in the UK, and this study will therefore 
have to develop a site-specific primary database for the foreground system. 
In summary, this study is significant in that it considers the UK Nuclear Fuel Cycle in particular, 
and that it covers it in process detail. The other studies look at several different fuel cycles and in 
many cases apply data which have been averaged over several different sites. The scope of this 
study is to develop a too] for process improvements within the fuel cycle, while most other studies 
have been carried out to promote public debate and to compare different fuel options. This project 
considers all environmentally related impacts and does not attempt to prioritise them like many 
other studies. Further, this study does not go into the valuation stage by using economic values, 
but aims to point directly at where future efforts should be concentrated with respect to research 
and development. 
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Life Cycle Assessment 
3.1 Introduction 
The first studies that we now recognise as Life Cycle Assessments (LCA) date from the late sixties 
and early seventies. They were then known as resource analysis, resource and environmental 
profile analysis, ecobalance and ecoprofile (Boustead, 1995), and were primarily concentrated on 
materials and products with presumed haza dous environmental effects. In the early eighties and 
onwards, the use of LCA expanded from primarily internal corporate decision making towards the 
domain of public debate and public policy (Assies, 1993). A remarkable burst of LCA activities 
occurred in Europe as well as in the USA in 1990 when the Society of Environmental Toxicology 
and Chemistry (SETAQ initiated work to develop broad consensus on the conduct of LCA. A 
series of workshops followed which brought representatives of the international LCA community 
together to produce documents reflecting current thinking on the practice of LCA (Consoli, 1993). 
Several national and international organisations are now involved in the continuous development 
of LCA at various levels. These include SETAC (Society for Environmental Toxicology and 
Chemistry (SETAC), the International Organisation for Standardisation (ISO), Groupe des Sages 
established by DGXI of the European Commission, Nordic Council and the Society for Promotion 
of Life-cycle Development (SPOLD). The main aim of these groups is to promote future research 
in LCA and the development of LCA methodology and its standardisation. The discussion of LCA 
in this Chapter will reflect the most recent contributions to LCA by these organisations and 
individual researchers to give an up-to-date account of current LCA methodology. 
The methodological framework of LCA as recommended by SETAC and ISO can be summarised 
in four main steps (Table 3-1). 
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Table 3-1 LCA framework 
SETAC ISO 
1. Goal definition 1. Goal and scope definition 
2. Inventory Analysis 2. Inventory Analysis 
3. Impact Assessment, includes: 3. Impact Assessment, includes 
- Classification - Classification 
- Characterisation - Characterisation 
- Valuation 4. Interpretation, includes 
4. Improvement Assessment - Valuation 
It should be noted at this point that there are some differences between the framework 
recommended by SETAC and that which is currently standardised by ISO. For example, in the 
traditional SETAC framework, the Impact Assessment phase includes Valuation while in the new 
ISO standards it is recommended that this element is covered during the Interpretation phase. This 
thesis will mainly follow the terminology and the four phases recommended by ISO. In general, 
the goal and scope definition of the study sets the system boundaries, while the Inventory Analysis 
quantifies the environmental interventions, i. e. emissions, waste and use of resources, of the life 
cycle per functional unit. Further interpretation is then carried out in the Impact Assessment 
where the interventions identified in the inventory are aggregated into a smaller number of 
environmental impacts. The final Interpretation phase evaluates the results and makes further 
recommendations for ways to reduce the environmental impacts. 
Life Cycle Assessment is a dynamic and iterative process of evaluation. Changes in the material 
input to a manufacturing process or changes in the process itself may trigger the need to update the 0 
inventory component, while new information about the impact of substances on the environment 
will require the Impact Assessment to be updated. Various aspects of the scope may also be 
modified as data and information are collected. Continuous interaction between the components of 
a LCA is essential for a successful study. However, the four phases can be described as distinct. 
r-, - For example, the Inventory alone may be used to identify opportunities for reducing emissions, 
energy and material use, while the Impact Assessment analyses the environmental impacts 
associated with the inventory and highlights where efforts should be concentrated in order to 
improve the system as a whol !: ý 
Life Cycle Assessment has become a widely recognised tool for analysing the environmental 
performance of product systems. It is, however, important to recognise that phases such as Impact 
Assessment are continuously developing and further work is required in several areas. Each phase 
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in the Life Cycle Assessment methodology, and the future developments required with particular 
reference to the Nuclear Fuel Cycle, will be covered in this chapter. 
3.2 Goal Definition 
The goal of the study defines the intended application of the study. At this stage it is important to 
establish why and for whom the study is carried out and whether the results shall be used in-house 
as an internal improvement assessment or externally, for example to influence public policy. ISO 
identifies the following main areas where the use of LCA is appropriate (ISO, 1996): 
identifying opportunities to improve the environmental aspects of products at various 
points in their life cycle; 
* decision-making in industry, government or non-government organisations (e. g. 
strategic planning, priority setting, product or process design or re-design); 
e selection of relevant indicators of environmental performance, including measurement 
techniques; and 
* marketing (e. g. an environmental claim, ecolabelling scheme or environmental product 
declaration). 
This is not an exhaustive list of LCA applications, but it gives an idea of the range of issues that 
may be targeted. Depending on the purpose or goal of the study, the guidelines for the scope 
definition and the development of the system inventory are set. 
The scope of the study describes the system boundaries, the functional unit and data requirements. 
It also communicates general information about the methodology to be used and the assumptions 
that have been made. The system boundaries determine which operations, inputs and outputs will 
be included in the LCA. The flows crossing the system boundaries should ideally be elementary 
flows, and appropriate selection of the system boundaries is important to ensure that the size and 
depth of the study is in accordance with the goal definition. The level of detail and disaggregation 
of processes within the system boundaries, for example, is very much dependent on the intended 
use of the study. In a LCA developed for process design, the assessment must consider unit 
processes while in a LCA for product marketing, the performance of the system as a whole is more 
important. When assessing the Nuclear Fuel Cycle, it is inevitable that the system boundary 
includes extraction and processing of the primary raw materials as well as solid waste 
management. This is illustrated in Figure 3-1. 
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Figure 3-1 Svstem boundaries for the Nuclear Fuel Cycle 
(M-material, W-solid waste, E-energy) 
The simplified diaggram in Figure 3-1 includes the main process steps in the fuel cycle as well as 
the materials and energy required in the system. Transport between each stage must also be Zý 
considered. If any of the processes in the life cycle are omitted from the study, this must be clearly 
stated and justified. Due to the complex nature of a Life Cycle Assessment, the amount of data 
required and the resulting cost of completing a LCA study, a concept called "Stream I in ing" has 
emerged. Streamlining the LCA methods and procedures generally involves narrowing the 
boundaries of the study, tar-etin- the study on issues of greatest interest and using more readily 
available data (Curran, 1996). The danger with the various streamlining approaches that have been 
developed is the use of subjective judgements, the exclusion of important data and process steps 
and misuse of the study to imply that it is broader than It really is. The assumptions made during 
these studies must therefore be clearly documented and the uncertainty that arises in the results 
must be dealt with in the Interpretation phase. 
Tile functional unit is the basis for comparison of different systems and all input/output data is 
related to this unit. It must be consistent with the goal and scope of the study and it must be 
clearlv defined and measurable. For the Nuclear Fuel Cycle, it is appropriate to choose the 
functional unit to be a standard quantity of electrical power supplied to the distribution gid. This 
is the prime function of the ftiel cycle and data from all facilities are normallsed according to this 
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reference. When the data is related to the functional unit it will be assumed that the processes are 
linear. This means that annual emission data from Uranium mining and milling for example will 
be proportional to the quantity of uranium required to produce a specific amount of electricity. 
Comparisons between systems can only be carried out on the basis of the same functional unit. 
Not all LCAs will have such a clearly defined purpose, however, and some systems may serve 
more than one function. This will give rise to problems with respect to allocation of 
environmental interventions which must be dealt with in the Inventory phase (section 3.3.1). 
The integrity of the study depends on the character and quality of the data collected, and the scope 
of the study should define appropriate data quality requirements for the next phase, the Inventory 
Analysis. The following points must therefore be considered at an early stage (ISO, 1997): 
Precision expected accuracy of the data (e. g. variance) 
Completeness required amount of primary data 
Consistency degree to which the data reflects the required time period and 
technology 
Reproducibility the extent to which an independent practitioner can reproduce the 
results of the study 
The above issues as well as considerations as to whether the data should be site-specific or average 
and what time frame is suitable are further discussed in Section 3.3. 
3.3 Inventory Analysis 
The inventory analysis is the process of compiling the amount of natural resources taken in by the 
system and the amount of irretrievable releases to air, water and land from the system. These 
inputs and outputs are then related to the functional unit of the system. This information may be 
used in comparisons between systems and it constitutes the input to the Impact Assessment phase. 
The goal and scope of the study is closely linked to the inventory analysis and these items must be 
revisited continuously in order to ensure that the data characteristics such as completeness and 
representativeness are in line with the initial aims. The inventory analysis may also in itself 
identify new data requirements or issues which require revision of the goal and scope. If data is 
excluded in the study, due for example to Streamlining, this must be clearly documented in the 
Inventory. The issues which are not normally quantified in LCA include (Lindfors et al., 1995): 
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capital equipment, infrastructures 
accidental spills 
environmental impacts caused by personnel and 
human resources 
Whether or not to include the above in the inventory phase is dependent on the goal and scope of 
the study. Capital equipment such as vehicles and machinery in the case of agricultural products' 
or construction materials for renewable energies such as Hydro may play an important role, while 
in the comparison of two plants producing a specific consumer product, the capital goods will 
usually not have a major effect in comparison to the environmental interventions during operation. 
Accidents are generally not included unless their frequency is relatively high. In these cases risk 
assessment techniques are required to gain additional information about the potential consequences 
of an accident. The latter two items, personnel-related impacts and human resources, are generally 
not considered to be LCA issues, but it might be necessary to include them qualitatively in the 
Interpretation phase. 
In the Life Cycle Inventory phase, it is important to distinguish between the Foreground and 
Background system (Figure 3-2). The Foreground system incorporates the activities which are 
central for the study. In the case of the Nuclear Fuel Cycle that would include all the main 
facilities from mining to waste management. The Background systems represents "the other 
economic activities which interact with the Foreground system" (Clift et al., 1996). It includes for 0 
example the activities which generate materials and energy (electricity from the National Grid) 
which are used in the Foreground system. 
1 The fuel consumption of agricultural machinery used in the production of wheat is approximately 10% of the total in the life cycle 
(Cowell, 1998). 
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Figure 3-2 Foreground and Background System 
Data collection for the foreground and background system is the most time-consuming part of a zn Z" 
Life Cycle Assessment. The data may be collected directly from the sites being studied or from 
published sources, and very often the inventory may contain a mixture of measured, calculated and 
estimated data. It is important that the data quality defined in the scope of the study is met and the 
following data characteristics must be transparent in the study (ISO. 1997): 
time-related coverage the desired age of data (e. g. within last 5 years) and the 
minimum length of time (e. g. annual) over which data 
should be collected. 
geographical coverage geographic area from which data for unit processes should 
be collected to satisfy the goal of the study (e. g. local, 
regional, national, continental, global) 
technology coverage technolog-YY mlix (e. -2. weighted average of 
the actual process 
mix, best available technology or worst operating unit) 
In general, data for the foreground system is collected from specific sites and is related to actual 
ground system is taken from more widespread published plant conditions, while data for the back- 
sources. The back-round data may consist of averages or ranges and is often based on a product 
supply system (e. g. electricitý, from the national grid). Hence, it is important to review the 
ilable data sources to ensure quality and consistency. With respect to the desired age of the avai I L_ 
data, a common problem with easily accessible literature data is that it is often old and may refer to 
the wrong level of technology. Most LCAs will aim to collect the most recent data available and it 
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is not common to consider the time frame of a product from 'cradle' to 'grave. In the case of the 
Nuclear Fuel Cycle, for example, there is a great time-span from mining to actual disposal of the 
spent fuel. At the moment a deep repository in the UK for solid radioactive waste is not expected 
to be available for at least another 30 years (see discussion in Chapter 4). One easily runs into data 
quality problems if the actual time of production and waste management is chosen, as good data 
for very old processes and future processes is hard to find. 
3.3.1 Allocation 
The problem of allocation arises when the system under study produces or processes more than 
one product. The environmental inputs and outputs will then have to be apportioned to the 
different products. Three types of processes where this is the case are listed below (Guin6e et al., 
1993a) 
1. the allocation of envirommental inputs and outputs of a process producing different 
economic products, i. e. production of co-products (multi-output processes). 
2. the allocation of environmental inputs and outputs of a process processing different 
waste flows, i. e. combined waste processing (multi-input processes). 
3. the allocation of environmental inputs and outputs of a process producing by-products 
which can be useful in another product system, includes reuse and recovery (open-loop 
recycling). 
These different systems are illustrated in Figure 3-3. C) 
1. Multi-outt)ut allocation 
Inputs 
Emissions and SYSTEM Residues 
Product A Product B 
2. Multi-input allocation 
Waste A Waste B 
Other Emissions and 
Inputs Residues 
3. Oven-loop allocation 
Inputs 
SYSTEM I 
Emissions and 
Residues 
Product B 
Product A 
P uc 
Recycling Process 
Inputs & storage ------ 0, Emissions and 
Residues 
roduct B* 
Inputs SYSTEM 2f ------ m- Emissions and Residues 
Figure 3-3 Systems with allocation problems (Clift et al., 1996) 
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In the Nuclear Fuel C-, -cle there are several facilities which may be considered as multiple function 
systems. The uranium entering the fuel manufacturing step originates from several different mines 
and the facility itself produces a variety of reactor fuels. Similarly the reprocessing facility 
handles a range of different fuel types and the output is both plutonium and uranium for recycling, In I 
The main allocation problems in the Nuclear Fuel Cycle are discussed in Chapter 4. 
Allocation can be avoided or minimised by subdividing the unit processes in the system into two or 
Zý i-output or recý 
ling systems, more sub-processes which might be excluded from the study. In multi 
allocation may also be achieved through expansion of the system boundaries. One example of this 
is the comparison of two different systems manufacturing product A (multi-output System I and C, 
single-output System 2 in Figure 3-4). 
Figure 3-4 Multi-output production system 
System I is a multi-output process as it produces both A and B (Figure 3-4). The environmental 
interventions of System I will therefore have to be allocated between A and B. If the system 
boundaries are broadened such that the production of B (System 3) is added to the production of A 
in System 2, however, the allocation problem is avoided (Figure 3-5). The two systems can now be 
compared. 
System I System 2+ System 3 
tA 
Figure 3-5 Extended boundaries to avoid allocation 
An alternative way of extending the system boundaries is the "avoided burdens approach". In this 
case Svstem I is compared to System 2 by subtracting the environmental interventions associated 
with a system producing only product 'B' (Systenz 3). This is illustrated in Figure 3-6. 
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system I System 3 System 2 
A A 
Figure 3-6 Avoided burdens approach 
In the avoided burdens approach, the environmental Interventions to be allocated to the production 
of 'A' in System I is found by taking the total environmental interventions associated with the 
system minus the avoided burdens that can be allocated to the co-product 'B'. An example of the 
avoided burdens approach in connection with the Nuclear Fuel Cycle is the comparison of the 
open and closed loop in Figgure 33-1. If the closed fuel cycle is chosen, there will be avoided 
burdens from the mining and milli . esult of a 
lower natural resource demand 'n the Ci ing step as arI 
system. 
If allocation can not be avoided using sub-division or expansion, the following priority list may be 
used (ISO, 1997): 
1. Allocate on natural causality 
2. Allocate on economic causality 
Causal relationships are based on natural sciences such as physics, chemistry and biology and 
reflect the way in which inputs and outputs are changed by quantitative changes in the products or Zý 
functions delivered by the system. Physical causality based on mass has so far been the most 
common method as mass data is (generally available or easily determined. However, this arbitrary 
basis must not be used if it fails to reflect causality (see below). Allocation based on causality 
principles require a good understanding of the systems in question and the relationship between 
process parameters and the inputs and outputs. Economic value, e. g. gross sales value can be used z: 1 
for allocation in most multi-output processes. It has been argued however, that gross sales value is 4n 
too unstable to be suitable as basis for allocation (Lindfors et al., 1995). Another basis for 
allocation may be economic -am from a multi'-output process -when there is no natural causalit-v 
involved. Data on the expected economic -am, however are likely to be difficult to find. 
In the case of multi-output systems, several alternatives have also been suggested for allocation 
based on arbitrary choice of a physical parameter (Lindfors et al., 1995): 
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" the mass of the outputs 
" the energy content of the outputs 
" the exergy content of the outputs 
" the area of the output 
" the volume of the outputs 
" the molar content of the output 
" an arbitrary number, e. g. 50150 allocation between two products. 
These methods are not related to natural or economic causality and should be avoided if possible. 
The above parameters are highly arbitrary, and there is seldom any logical reasoning behind 
allocating the environmental interventions to the outputs with for example the largest mass or 
highest energy content. 
3.4 Impact Assessment 
The aim of the impact assessment is to analyse and assess the environmental impacts of the 
environmental interventions identified in the inventory analysis. The "Code of Practice" (Consoli 
et al, 1993) divides the Impact Assessment into three sub-components, while in the more recent 
ISO standard it is recommended that the last element, 'Valuation', be treated as part of the 
Interpretation phase (ISO, 1996): 
1. Classification 
2. Characterisation 
(3. Valuation) 
Classification is a qualitative step in which the different inputs and outputs of the system are 
assigned to different impact categories. Characterisation is a quantitative step in which the relative 
contributions of each input and output to its assigned impact categories are assessed. The 
contributions are then aggregated within the impact categories to produce an environmental profile 
of the system. The valuation is either quantitative or qualitative. In this step the relative 
importance of the different potential environmental impacts from the system are weighted against 
each other. It has also been suggested to include a normalisation step as part of either 
Characterisation or Valuation. Normalisation will relate the data to the total magnitude of the 
given impact category in some given area and time (Lindfors et al., 1995). In this Chapter, 
'Valuation' will be discussed as part of the Interpretation phase according to the recommendations 
of ISO (ISO, 1996). In the discussion of Life Cycle Impact Assessment by the LCANET work 
group, another two elements have also been suggested; 'Definition' and 'Analysis of significance' 
(Firinveden et al., 1997). In the 'Definition' element the impact categories are chosen while in the 
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'Analysis of significance' element the uncertainty and reliability of the inventory analysis and the 
category indicators are assessed. As it is unsure whether these new elements will become 
individual parts of the ISO framework, this thesis considers the 'Definition' element to be part of 
'Classification' and the 'AnalYsis of significance' to be part of the Interpretation phase. 
Life Cycle Impact Assessment is probably the most debated phase in LCA. This is largely due to 
the difficult task of relating the environmental interventions identified in the Inventory phase to a 
number of complex environmental issues. The accuracy, reliability and level of confidence in the 
different models used to relate the inventory and the various impact categories is continuously 
under scrutiny. In addition, the formulation of the relevant environmental problems to be assessed 
is dependent on the values and beliefs of the LCA practitioners and is influenced by government 
policies and regulations (SETAC, 1997). The description of the various elements of Impact 
Assessment below will discuss the current methodologies used in this phase and will highlight 
some of the more specific problems and limitations associated with these. 
3.4.1 Classification 
Classification in Impact Assessment aims to translate emission and resource consumption data into 
impact-oriented data. This is carried out by aggregating the input and output data in the inventory 
into various categories which describe their environmental effects (e. g. Global Warming, Ozone 
depletion etc. ). A list of impact categories suggested by Udo de Haes (1996) is shown in Table 3- 
2. 
Table 3-2 Impact categories 
Abiotic resources (deposits, funds, flows) 
Biotic resources (funds) 
Land 
Global warming Zý 
Depletion of stratospheric ozone 
Human toxicolo-ical impacts 0 Ecotoxicological impacts 
Photo-oxidant fonnation 
Acidification 
Eutrophication 
Odour 
Noise 
Radiation 
Casualties 
Several such lists have appeared in the literature and there is not yet a consensus on all the impact 
categories that should be included. In a list suggested by Lindfors et al. (1995), for example, 
reference is made to categories such as habitat alterations and impacts on biological diversity. 
Further subdivision of the categories is also suggested and the health impact category is divided 
into toxic, non-toxic and work related impacts. One of the research needs highlighted in the recent 
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LCANET 2 initiative is to work towards a default list of impact categories and a consistent set of 
sub-categories (Finnveden et al., 1997). It is worth noting, however, that this standpoint differs 
from that taken by the North American SETAC work group on Life Cycle Impact Assessment, 
which does not envision a default list of categories (SETAC, 1997). 
One of the difficulties in choosing what categories to include in an assessment arises from the fact 
that some of the above categories are still at the research stage while others, such as Global 
Warming, are well developed. It is not within the scope of this chapter to describe all the different 
characterisation methodologies available in LCA 3. The categories and methodologies which are 
discussed in more detail in the next section have been chosen for their relevance to the assessment 
of the Nuclear Fuel Cycle. Radiation, for example, is listed as an impact category in Table 3-2 but 
there is currently no methodology available for characterising these environmental interventions in 
a LCA. Section 3.4.4 discusses some of the preliminary ideas which have been put forward for 
this category, while the methodology which has been developed in this thesis is presented in 
Chapter 5 and 6. The proposed radiation category also deals with radioactive solid waste, and 
Section 3.4.5 discuss how solid waste is generally handled in LCA. Categories such as Human 
toxicity and Ecotoxicity are continuously being developed, and as these are closely related to the 
framework put forward in this thesis to characterise radiological burdens in LCA; they are covered 
in more detail in Section 3.4.3. Finally, the additional categories suggested by Lindfors et al. 
(1995) on work related impacts and biological diversity are discussed in Section 3.4.5 and Section 
3.4.7 respectively. These issues are seen to be particularly important when considering health and 
safety aspects in connection with nuclear establishments and potential radiological impacts on the 
abiotic and biotic environment. 
3.4.2 Characterisation 
In the Characterisation phase the potential contributions of inputs and outputs to different impact 
categories are assessed. For each category, endpoints are defined (e. g. C02 equivalents for 
Greenhouse Warming Potential and CFCjj equivalents for Ozone Depletion Potential) together 
with a method for calculating or transforming single substances into these. Normally a linear 
characterisation factor is found which expresses the potential contribution to a category per mass 
or amount of an input or an output in the inventory. 
2 LCANET is the European Network for Strategic Life Cycle Assessment (LCA) Research and Development. This initiative is 
subsidised by DGXII and its prime aim is to describe the state-of-the-art of LCA methodology and to provide an input to the EU 
Environment and Climate research and development programme. 
3 Different characterisation methods are covered in detail in Lindfors et al. (1995) and Udo de Haes (1996). 
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Sji = MiQji ..................................................................................................... (3-1) 
Sji Potential contribution to impact j from input or output i 
M. Environmental intervention (amount or mass of input or output i) 
Qjj characterisation factor for intervention i to impact category j 
The total potential contribution to the impact category j from all inputs and outputs can then be 
calculated as : 
Sj = ýSjj ..................................................................................................... (3-2) 
1 
In general an impact can be defined at any point in the cause-effect chain, but a distinction is 
normally made between effects that are found early (lower-order effects) and late (higher-order 
effects) along the route (Lindfors et aL, 1995). In the more recent ISO standards this distinction is 
made by associating each category with the place in the cause-effect chain (begin, middle and end) 
where the impact indicator is defined. The effect of Global Warming, for example, is defined as a 
change in "radiative forcing" and this occurs in the beginning of the cause-effect chain (Lindfors et 
al., 1995). This will lead to a number of other effects later such as rising sea-level and change in 
biodiversity, but the impact from the environmental intervention can only be defined once to avoid 
double-counting. Double-counting must not be confused with parallel impacts which occur when 
an environmental intervention contributes to more than one category with different cause-effect 
chains. The point in the cause-effect chain at which characterisation is focused depends on the 
amount of information which is included in the modelling and this may change with further 
methodological developments. The following dimensions of impact information have been 
defined (Udo de Haes, 1996): 
effect information 
fate information 
background level information 
spatial information 
The first two dimensions, effect and fate, refer directly to the cause-effect chain. Effect 
information links the environmental interventions in an impact category to the potential response 
of the system while the fate analysis considers the fate of the component from emission up to 
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exposure to the target system. All categories include some kind of effect information 4. The so 0 
called "Critical volume-approach" for toxic releases is an example of a methodology where only 
effect information is included. This method calculates the characterisation factor (Q) as the 
inverse of some quality standard; e. g. for air emissions the characterisation factor may be: 
Qji =I..................................................................................................... (3-3) ADIji 
Qji characterisation factor for substance i (M3 /kg) 
ADIji Annual Daily Intake for substance i (kg/m 3) 
This factor may be inserted in Equation 3-1 and the resulting contribution to the impact category is 
in terms of a "critical volume" required for the emissions to be diluted to the recommended quality 
standard. The above methodology disregards factors such as persistent and non-persistent 
substances, degradation and dispersion in the various environmental media. There has therefore 
been a move towards including more fate information in the characterisation modelling. An 
example of this is the multi-media models proposed by Guin6e at al. (1993b) to characterise toxic 
substances. This will be discussed in more detail in Section 3.4.3. 
The final two dimensions, background level and spatial information, move the LCA 
characterisation methodologies towards the more site-dependent environmental management tools 
such as Environmental Impact Assessment (EIA) and Risk Assessment (RA) due to the amount of 
site-specific data required to take them into account5. The actual environmental impact of a 
substance will depend on the concentration level already present. For example, salt emitted to the 
sea will have very different consequences to salt emitted to a river (Udo de Haes, 1996). Hence, 
background level information may influence the characterisation in two ways; if an emission is 
below the background level it may be argued that it should be ignored or if the background level is 
high it may imply that the ecosystem is not sensitive to a further increase (Udo de Haes, 1996). 
The use of background level information in connection with releases of radionuclides is discussed 
in more detail in Chapter 6. It is argued in this thesis that for the characterisation categories where 
fate and effect information is available, the background level data belongs in the Interpretation 
phase. If this information is not available, however, as is the case with the proposed 
4 This excludes categories which aggregate emissions without any weighting (e. g. solid waste and energy). It is argued here that these 
should not be considered to be characterisation methods as they do not quantify the potential impacts of the environmental 
interventions. 
3 See Chapter 2 for discussion on EIA and RA. 
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Environmental Irradiation category proposed in Chapter 6, the background information can be 
used as a 'low-order' analysis in the cause-effect chain. 
The extent to which spatial characteristics should be included in characterisation is dependent on 
the impact group. In the case of global categories such as Global Warming and Ozone Depletion, 
spatial characteristics are not relevant. In the case of toxicity, however, the impacts are normally 
localised and the characterisation methodologies developed for this category increasingly consider 
site-dependent parameters. Related to the spatial dimension are also the temporal characteristics 
of the emissions. If temporal information is ignored, problems arise during the assessment of short 
lived versus persistent chemicals and differences in the delay after which effects are expressed will 
not be taken into account. The importance of time and space is particularly evident in the 
assessment of the Nuclear Fuel Cycle with respect to long-lived radionuclides and disposal of 
radioactive waste. These issues are considered in more detail in the proposed characterisation 
methodologies presented in Chapter 5 and 6. It raises several important questions, as there are not 
only methodological difficulties with respect to what time frame is appropriate, but also ethical 
considerations in connection with weighting and possible discounting of interventions that may 
occur far into the future. Discounting of future impacts is, for example, frequently carried out in 
economic assessments. It is argued in this thesis, however, that all interventions in the Impact 
Assessment phase must be treated equally and that no weighting of impacts should be carried out 
before the Interpretation phase. 
3.4.3 Human toxicity and Ecotoxicity 
During the classification of toxic emissions to air, water and soil in LCA, a distinction is made 
between human toxicity and ecotoxicity. The latter is further divided into aquatic (salt and 
freshwater) and terrestrial ecosystems. Emissions to groundwater and sediment are included under 
aquatic and terrestrial ecotoxicity respectively, as emissions to these media are mainly indirect and 
cannot be seen in isolation from pathway processes. There is very little data available about the 
ecotoxic effects of substances taken up through the atmosphere, and these emissions are only 
assessed for their human toxicological effects. The characterisation method used up to now for 
these toxicity groups is based on the critical volumes method and divides the emission by a 
threshold value, a No Effect Level (NEL), and aggregates the results in each group. The NEL 
values relate the emission to effects in humans or the ecosystem; the quality standards used for 
human toxicity are expressed as Annual Daily Intake (ADI) or Tolerable Daily Intake (TDI) while 
for ecotoxicity the No Observable Effect Concentration (NOEQ has been used. The Critical 
Volumes approach expresses the contribution to human toxicity or ecotoxicity from an emission as 
follows: 
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si = ýQjimi = 7- 
1 
mi ...................................................................................... 
(3-4) 
1i NELji 
Sj total contribution to impact category j (m 3 of air or water or kg of soil) 
Qji characterisation factor for individual substances i (m 3 /k(y or kg/kg) 0 
NELjj No Effect Level for individual substances i, e. g. ADI, TDI or NOEC (kg/m3 or 
kg/kg) 
M. Emission of substance i (kg) 
As discussed earlier, the "Critical Volumes Approach" only considers the effect of the emission 
and does not include the fate of the toxic substances and their exposure pathways through the 
environment. The fate is related to the residence time of a substance in an environmental 
compartment and is determined by factors such as degradation, intermedia transport and 
immobilisation (Guin6e et al., 1996). Exposure pathways include the transfer of toxic substances 
to various target groups through for example drinking water and agricultural produce. The 
complexity of the pollutant pathways is illustrated in Figure 3-7. 
t igure. 5-7 'I ransport processes in tne ecosystem ana potentiai exposure to numans 
The above figure is a simplified diagram which does not include processes such as the 
decomposition (Detritus) of organic matter and the associated food chain for decomposers. It 
illustrates some of the main steps from release of a substance to exposure of the ecosystem and 
humans. The modelling of this system takes place in several stages. Firstly, distribution models 
are applied to determine the steady-state concentrations in the different compartments: air, soil and 
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water. This involves the consideration of a range of different processes such as degradation and 
advective and diffusive mass transports. A typical cycle for air emissions in the atmosphere is 
illustrated in Figure 3-8. 
Air emissions 
Initial mbdng 
Transpo and 
diffUsiDn 
Dry Air Wet 
transformatio concentrations concen u=formations 
Scavenging 
Dry deposýn: 
l 
Wet deposition 
Figure 3-8 Typical atmospheric cycle of a pollutant 
Pollutants that are emitted to the atmosphere are removed by so-called sink processes which 
include both dry and wet mechanisms. Dry deposition involves the transfer and removal of gases 
and particles at land and sea surfaces without the intervention of rain or snow (Harrison, 1996). 
Wet deposition describes scavenging by precipitation (rain, snow, hail, etc. ) and is made up of two 
components: rain-out which describes incorporation within the cloud layer, and washout 
describina, scavenging by falling raindrops (Harrison, 1996). Another sink process involves the C) ZP 
chemical conversion of one pollutant to another (dry or wet transformations). An example is the 
atmospheric oxidation of sulphur dioxide to sulphuric acid. Since pollutants are continually 
emitted into and removed from the atmosphere, they have an associated atmospheric lifetime. For 
gases with a relatively long lifetime such as carbon dioxide, there is little spatial variation in 
concentration across the globe as mixing processes outweigh the local variability in source 
strengthS6. Pollutants with short lifetimes, however, such as ammonia which is chemically reactive 
and subject to efficient dry and wet deposition processes, show a high spatial variability in 
concentration. Emissions to the other environmental media in Figure 3-7 will also undergo a range 
6 See discussion on spatial and temporal dimensions in LCA, section 3.4.2. 
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of processes as described here for the atmosphere. These include absorption, degradation and 
transfer between media such as leaching from soil into waterways and sedimenting residues in 
water. It is not within the scope of this chapter to cover all these processes in detail as they are 
strongly dependent on the type of substance in a similar manner to dispersion in the atmosphere. 
The next stage in modelling the pathways in Figure 3-7 involves the transfer of the substances 
from the environmental media to animals and humans based on the concentrations found usina the 
distribution models. This involves the use of bioconcentration factors to calculate the transfer of 
pollutants to for example crops and grass, and of intake models which consider physical features 
and consumption patterns of animals and humans. The total daily intake of a pollutant by human 
beings is normally based on the concentration of the compound in drinking water, air, fish, crops, 
cattle meat and milk. The concentrations of pollutants in terrestrial foods are estimated using 
transfer factors which may be found in literature, deposition velocities and the concentrations in 
atmosphere and water. The concentration in animal products such as milk and meat is estimated 
from the diet of fresh pasture by cattle, while the assimilation of pollutants by living organisms in 
the aquatic environment is calculated from transfer coefficients or bioaccumulation factors. 
Evaluation of the intake of pollutants by the ingestion of contaminated water and food requires a 
detailed knowledge of the patterns of food consumption, commonly referred to as "usage factors". 
Site-specific data for usage factors are always preferable , but in many cases default values have to 
be used as these data are not available or are difficult to obtain. Example of generic usage factors 4D 
for radiological screening methods are listed in Table 3-3. 
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Table 3-3 Annual individual usage factors for external exposure, inhalation and 
rnmiumnfinn nf fnnd. c (NrRP- 1()()6) 
Pathways - External and Inhalation Unit Exposure' 
Exposure to a contaminated surface hours/year 8,000 
Exposure to shoreline hours/year 2,000 
Submersion in water hours/year 300 
Submersion in air hours/year 8,000 
Boating hours/year 200 
Garden and ground exposure from irrigation hours/year 500 
Inhalation m3/year 8,000 
Pathways - Ingestion 
Freshwater fish kg/year 20 
Marine fish kglyear 20 
Marine shellfish kg/year 10 
Water and beverages litre/year 800 
Fruit, vegetables and grain kglyear 200 
Milk litre/year 300 
Meat kg/year 100 
Soil kg/year 0.365 
Note ' Usage factors developed for radiological screening models 
It is apparent from the above that to realistically characterise the toxicity of substances released to 
the environment, the fate and exposure pathways must to some degree be taken into account. It is 
therefore realised that the characterisation factor in equation 3-4 should include these components 
in addition to effect. 
Qjj = Ejj Fjj ..................................................................................................... (3-5) 
Qj Characterisation factor for impact group j and emission i 
Ejj Effect factor for impact group j and emission i, i. e. I/NELj i 
Fjj Fate factor for impact group j which considers both 
fate and exposure of substance i 
How to develop appropriate characterisation factors for toxic releases which include the so-called 
fate and exposure components has been a controversial topic. This is due to the complexity of the 
systems and the many site-dependent and substance dependent parameters involved. A detailed 
level of analysis is only appropriate for a site-specific Environmental Impact Assessment (see 
Chapter 2). In order to include these issues within a LCA framework, a balance needs to be struck 
between availability of data and site dependency of the models and representativeness of the 
processes involved. The following discussion will lay the foundation for the main techniques 
which attempt to include fate in the characterisation factors for toxicity, and it aims to unravel the 
debate in connection with the so-called flux-pulse problem. The issue of whether to base the 
impact assessment on fluxes or pulses emerged due to the fact that most toxicity models are based 
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on fluxes of pollutants (e. g. kg/hr) rather than the emission amounts (e. g. kg) which are normally 
reported in the LCA Inventory Analysis. Several solutions to this apparent problem have been 
discussed and solutions such as using a reference substance or translating the inventory data into 
flows have been suggested (Guinde et al., 1996). It is shown below, however, that when a linear 
dose-response relationship is assumed the relationship between a flux and an exposure 
concentration, and between a pulse and the associated increase in exposure concentration is 
equivalent. 
The techniques that have evolved are generally based on the so-called compartmental models. 
These assume that the environment can be divided into a finite number of weIl-mixed 
compartments. A single-compartment model is illustrated in Figure 3-9. 
Input 
Mi 
Compartment Degradation/decay 
concentration kjC(t)jj 
C(t)ij 
Mi emission input of substance i (kg/yr) 
C(t)jj concentration of substance i in compartment j (kg/m3) 
ki degradation/decay constant for substance i (yf 1) 
Vj volume of compartment j (m3) 
Figure 3-9 Single compartment model 
A substance entering the compartment is assumed to be instantaneously uniformly mixed 
throughout the compartment. Loss from the system may be represented by processes such as 
degradation or radioactive decay, and is proportional to the concentration present in the 
compartment; i. e. they are assumed to be first-order processes. There is assumed to be no back 
flow through the compartment. A simple mass balance over the single-compartment system gives 
the following relationship: 
Accumulation (concentration change) = Input - degradation 
VjLC = mi - VjkiC(t)ij ...................................................................................... (3-6) dt 
An expression for the concentration in compartment 'j' as a function of time can be found by 
separating the variables and integrating equation 3-6 as follows: 
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f -ki dC =f -kidt Ell! 
- kiC(t)ij Vi 
In(Ml- kiC(t)ij) =-kit+ constant Vi 
C(t)ij = 
mi 
-1 e-kit ................................................................................................ (3-7) -VJ7 kiki 
where X=e r" 
At t--O and C(t)ij = 0, this constant can be defined explicitly as 
X= miNj (kg/yr rn 3) and equation 3-7 may be rewritten as 
C(t) "': 
mi [I-e-kit] 
'i Vjki 
When time approaches infinity, the concentration in the compartment will move towards 
equilibrium. This is defined as the exposure concentration and equation 3-8 relates it to the 
emission flow: 
C. = 
lim 
C(t)= I mi=yijmi 
................................................................................... (3-8) 
t-->oo Vjki 
C. exposure concentration (k g/M3) 
Vj volume of compartmentj (M) 
ki degradation/decay constant for substance i (yf 
Mi emission flow of substance i (kg/yr) 
, yij =I /Vj ki (k g/M3 yr) 
An additional pulse to the system can be considered in the same way. If it is assumed that the 
system is at equilibrium at time t<0 then 
C(t < 0) = C. = mjNjkj 
If an emission pulse takes place at time t=0 then 
C(t = 0) = C. + (SP / Vj) 
where 8p = emission pulse (kg) 
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The above arguments can be inserted into equation 3-7 to find the constant X (kg/yr m 3): 
C. + (5p / Vj) = C. - Vkj 
X=- (ki 5p) / Vj 
The concentration after the pulse at time t>0 can then be found from equation 3-7 
5P -kit AC(t) = C(t) - C,, = Vi eI...................................................................................... 
(3-9) 
The additional exposure in the compartment as a result of the pulse is shown in Figure 3-10. 
Concentration, C 
(kg/M3) 
r (, additional exposure, kg yr/M3) 
C 
time, t (yr) 
Figure 3-10 An additional emission pulse 
The additional exposure is found by integrating equation 3-9 over the time period which the pulse 
lasts: 
00 
AC(t)dt =f 
5Pe-kit 
= 
5P 
= Yij5p ................................................................... 
(3-10) 
o Vi Vjki 
F additional exposure (kg yr/m) 
8p emission pulse (kg) 
Vj volume of compartment j (m 3) 
ki degradation/decay constant for substance i (yf') 
yij = INj ki (k g/M3 yr) 
Equation 3-10 shows that the additional exposure due to an emission pulse can be written in a form 
analogous to the exposure due to an emission flow (equation 3-8): 
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F= C', 
................................................................................................... 8p Mi 
The additional exposure concentration, IF, in the case of a pulse and the exposure concentration, 
C. ý , in the case of emission flows are the basis for the toxicity assessment. It should be noted that 
IF is in terms of the time-period of the pulse, i. e. kg yr/M3, while C. is in k g/M3' i. e. the exposure 
due to a pulse is equivalent to a steady flow for a finite period. The proportionality constant yij 
describes the relationship between the input to compartment j and the resulting exposure for 
substance i, for both steady and pulse iminissions. This constant may be written in terms of the 
life-time of the substance as follows: 
yij =I /kiVj = ri / Vj ................................................................................................... (3-12) 
The definition of life-time is described below. Although some authors use the term "residence- 
time" forri , this term is not used here in order to avoid possible confusion with the established use 
of "residence-time" in chemical reaction engineering to describe a system through which there is a 
bul, k flow. -yij has become the basis for the fate constant, Fij, in equation 3-5 for an emission to a 
specific media. In general, two techniques have evolved in LCA to determine this constant; the 
"Critical Surface-time" approach (Jolliet, 1995) and "Multi-media environmental models" (Guin6e 
et al., 1993b). These techniques are discussed in Section 3.4.3.1 and 3.4.3.2. 
Life time 
Degradation in the system may be described by the following first order equation where C. is the 
concentration at time 'zero' and C, is the concentration that remains at time 't': 
Ct = Coe-kit 
The concentration between time t and t+ dt is 
-dC = kCoe-kitdt 
This may be integrated to find an expression for the life-time of substance 'i' in compartment 'i 1: 
I CO 00 1 
, ri=- j tdC= jkte-kitdt- Ti CO 00 
Half-life 
The life-time may calculated from the substance half-life by using the following arguments: 
At t= tj/2, Ct = 1/2 C,, 
Inserted into the first-order rate equation, this gives 
ki = In 2/ tj/2 and ri = tj/2 / In 2 
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3.4.3.1 Critical Surface-time approach 
The Critical Surface-time approach is an experimental procedure to determine'Yj on the basis of 
effective concentrations and emissions for a given area. Jolliet (1994) propose that if the total 
emission m/A (kg/yr m 2) in a specific area and the resulting concentration Cij (k g/M3 ) are 
known, the constant, yij, may be determined by the ratio: 
Cij / (m/A) = yij A ................................................................................................... (3-13) 
The value for yij may be used to find the dilution volume per unit surface area using the life-time of 
the substance in question. Using this experimental approach, Jolliet (1994) has shown that 
pollutants with short life-times such as NO. have a low volume of dilution, while pollutants such 
as C02 have a total volume of dilution close to that of the whole troposphere. Using the 
experimental fate factor proposed by Jolliet (1994), the impact characterisation in the form of 
equation 3-4 may be expressed as follows: 
Sji = Qji Mi = FjiEjiMi = T, 
I 
Mi ............................................................. (3-14) Vjj NELji 
Fjj Tj/ Vjj Fate factor represented by life-time of substance i (yr) and volume of 
dilution per unit surface area for substance i in medium j (m 3/M2) 
Ejj I /NELji Effect factor represented by a quality standard for the No Effect Level 
(NEL) for substance i in medium j (kg/M3) 
Qji characterisation factor for substance i in media j (yr m2/kg) 
M, Emission of substance i (kg) 
Sii Contribution to impact category j by substance i (yr M2) 
The contribution to the impact category may be interpreted as the area polluted up to the NEL 
during one year. This approach is mainly suitable for well known pollutants where concentration 
measurements are available for large areas (e. g. NO,,, S02. VOC etc. ). 
The Critical Surface-time approach described above is based on the single compartment model in 
Figure 3-9. This can easily be extended to a multi-compartment system as shown in Figure 3-11. 
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Input Compartment Degradation/decay 
M, concentration kC(t)ij 
I 
C(t)1j 
Inflow from Outflow to 
compartment k compartment I 
Vid vil 
M, emission input of substance i (kg/yr) 
Qt)ýj concentration of substance i in compartment j (kg/m3) 
k, degradation/decay constant for substance i (yfl) 
Vj volume of compartment j (m) 
Vid inflow to compartment i from compartment k (m3/yr) at concentration Ck 
(kg/M3) 
Vil outflow from compartment i to compartment I (m3/yr) at concentration 
C(t), j (kg/m) 
Figure 3-11 Multi compartment model 
The mass balance for a single compartment system (equation 3-6) may be extended to take transfer 0 
between compartments into consideration as follows: 
Accumulation (concentration change) = Input + (Inflow - Outflow) - degradation 0 
Vj 
dC 
= mi + (VkiCk - vilC(t)ij) - VjkiC(t)ij ........................................................ (3-15) dt 
For simplicity, it is assumed that Ck is constant. An expression for the concentration in 
compartment J' as a function of time can be found by separating the variables and integrating 
equation 3-15 as follows: 
c 
(vil + Vjki) 
dC = J-(vil + Vjki)dt 
-TL+-Yki -k-(vil+Vjki)C(t)ij Vi Vi 
ln(2111+ vkiCk -(vil+Vjki)C(t) -(vil + Vjki)t + constant Vi Vi 
mi + VkiCk 
vjx 
e-(vil +Vjki)t .............................. (3-16) C(t) ii"ývil+Vjki vil+Vjki vil +Vjki 
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where X=e" 
At t--O and C(t), j = 0, this constant can be defined explicitly as 
Iý (Mi + VkiCk)Nj (kg/yr m 3) 
When time approaches infinity, the concentration in the multi-compartment system will move 
towards equilibrium. 
coo= 
lim 
C(t)= 
I (mi+vkiCk) ........................................................ 
(3-17) 
t->oo vil + Vjk i 
Equation 3-17 can be rearranged to relate the exposure concentration to the emission flow as 
follows: 
C"o = mi mi 
................................................................................. 
(3-18) 
kiVej ki(Vj - 
AM. 
kiCw 
AýM ý VilCao'Vki 
Ck Mass difference between inflow and outflow, assuming Ck is 
constant (kg/yr) 
Vej equivalent volume of dilution (m 3) 
The equivalent volume of dilution was defined by Jolliet (1994), to show that the proportionality 
constant in equation 3-14 is related to the life-time of the substance and the "equivalent" volume of 
dilution in the case of a multi-compartment system: 
j= T/Výj ...................................................................................... 
(3-19) yij ý 1/kiVe 
In the approach presented in the next section, this constant is again the basis for the fate constant, 
Fjj, in equation 3-5 and is found using multi-media environmental models to take into account the 
transfer of pollutants between compartments. 
3.4.3.2 Multi-media environmental models 
The multi-media environmental modelling approach proposed by Guin6e et al. (1996) takes into 
account processes such as adsorption, deposition, evaporation, leaching and degradation when 
determining the fate constant in equation 3-19 for different radionuclides. The increase in 
environmental exposure concentrations due to emission pulses may then be found using the 
relationship in equation 3-10. These concentrations are then used to determine the exposure to 
humans by consumption of food and water, and by respiration and uptake through the skin. In the 
case of the ecosystem, the concentrations are used directly to indicate exposure. The final 
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relationship between an emission pulse (unit pulse) and human or ecotoxic exposure is the fate 
factor, Fij, in equation 3-5. 
As the multi-media models take into account time-dependent processes such as degradation and 
partitioning which are based on a flux (e. g. kg/day), it is argued that these models cannot be 0 
directly applied to the emissions quantities in the LCA inventory table which are in terms of a 
mass with no time scale attached to it (Guin6e, 1993b). Although it has been shown by equation 3- 
10 and 3-11 that if this mass is considered to be a pulse, the modelling constant will be the same, 
the authors want to avoid basing the assessment on a concentration with an unknown time element 
in it (equation 3-10). In order to solve this problem the proposed method makes use of a reference 
substance to create a dimensionless characterisation factor. Hence, the multi-media models are 
used to find a fate constant for a unit emission of various substances as well as a reference 
substance. The effect of the exposure is measured by considering the No Effect Level (NEL) 
similarly to equation 3-14. The resulting characterisation of toxic substances is described by the 
following equation. 
Sji=-2-jimi= 
FjiEji 
Mi ......................................................................... (3-20) Qrefj Frefj E refj 
Fjj = T/ Vj Fate factor represented by life-time of substance i (yr) and equivalent 
volume of dilution in medium j (m 3) 
Ejj =I /NELjj Effect factor represented by a quality standard for the No Effect Level 
(NEL) for substance i in medium j (kg/m 3) 
Fre , rj = TreV 
V. j Fate factor represented by life-time of reference substance (yr) and 
equivalent volume of dilution in medium j (m 3) 
Ereo = I/NEL,, fj Effect factor represented by a quality standard for the No Effect Level 
(NEL) for reference substance in medium j (k g/M3) 
Qji characterisation factor for substance i in mediaj 
M, Emission of substance i (kg) 
Sii Contribution to impact category j by substance i (kg) 
It has been argued that the use of a reference substance in equation 3-16 is a matter of presentation 
in order to have a methodology which is compatible to other approaches such as the Global 
Warming Potential (Assies, 1994). Rather than eliminating the time-period of the pulse using a 0 
reference substance, it has been suggested that the functional unit could be defined in terms of a C) 
time-period such that the emissions are flows (Assies, 1994). The differences between these two 
methods would only be one of scale, and as the Impact Assessment does not attempt to find actual 
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impacts this is not significant. In the Critical Surface-time approach the question about the time- 
frame of the emissions is avoided by adapting an experimental approach to find the constant 7ij. 
The advantage of this approach in comparison to the Critical Surface Time approach in equation 3- 
7, is that it includes inter-media transfer of substances when simulating the fate of toxic emissions 
in the environment. This methodology is not easy to carry out, however, as a wide range of data is 
required for each substance to be able to perform the calculations. Further, the Critical Surface- 
time approach does not consider the intake pathways for humans and it is therefore only applicable 
to ecotoxicity. 
The two characterisation techniques described above which consider the fate of the toxic 
emissions are still being developed. In the case of the Critical Surface Time approach, 
characterisation factors for 91 substances have been proposed (Jolliet et aL, 1997), while the 
Multi-media modelling approach has derived factors for 94 chemicals (Guin6e et al., 1996). A 
thorough comparison of the two methods is required, and a decision needs to be made with respect 
to which method should be recommended in the Impact Assessment phase. This will be very much 
dependent on the data requirement of the two approaches. 
3.4.4 Radiological Impacts 
One of the main shortcomings of Life Cycle Assessment (LCA) when applied to the Nuclear Fuel 
Cycle is that there is currently no recognised procedure to deal with radionuclide emissions in the 
Impact Assessment phase. A framework which considers both human and environmental impacts 
is required and a methodology which is compatible with the other impact assessment approaches in 
LCA must be developed. It is important that the discussion is not only restricted to concepts, but 
that a working methodology is developed which can be readily applied by LCA practitioners 
(Solberg-Johansen, 1997). 
The only provisional method currently available assesses the potential effects of internal radiation 
by using the radiation threshold value for occupational health (Guin6e et al., 1993a). The quality 
standard used is the Annual Limit on Intake (ALI) which is designed to meet the basic limits for 
occupational exposure for a given radionuclide. The ALI is based on the parameters of a 
Reference Man and are estimated for exposure both by ingestion and inhalation to the specified 
radionuclide (Faw et al., 1993). Any daughter radionuclides produced in the body after intake of 
the specified radionuclide are taken into account, but the potential chemical toxicity effects caused 
by the radionuclides are not considered. ALI is the largest annual intake that would satisfy limits 
for both stochastic and deterministic effects. Stochastic effects comprise malignant and hereditary 
disease for which the probability of an effect occurring is regarded as a function of dose without 
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threshold. Deterministic effects comprise effects for which a threshold or-pseudo-threshold must 
be exceeded before a health effect is induced 7. The potential contribution to a category for internal 
impacts from radioactive substances is expressed as follows: 
sj=ý- ai ................................................................................................... (3-21) ALI i 
Sj total contribution to radiological impact category (kg 
ai activity of radionuclide i (Bq) 
ALIj Annual Limit on Intake for radionuclide i (Bq/kg bdy,, eight) 
This is a "Critical Volume" approach as discussed in Section 3.4.2, which does not include any 
fate analysis and which assumes that all individuals are fully exposed to the concentration of 
radionuclides emitted. The impact value for a radionuclide may be interpreted as the human body 
weight which is affected to the radiation threshold value. The quality standard is only applicable 
to occupational exposure and not to continuous exposure of the critical groups living in proximity 
to the site. These standards are less strict than those for members of the public as they are 
threshold values based on exposure to a particular age group. It has been suggested by Heijungs 
(1994) that this methodology can be extended in the future to multi-media models and a reference 
isotope in a similar manner to that proposed for the assessment of toxic releases described in 
Section 3.4.3. Such a radiation category must include both external and internal impacts on human 
health, and a distinction between emissions of radioactive substances and emissions of radiation 
may be required. This is because emissions ofradiation only contribute to external impacts caused 
by exposure, while emissions of radioactive substances may contribute to both external exposure 
and internal impacts through intake of food and water, or by breathing. Radioactive substances 
can also be toxic and contribute to human toxicity. Hence both the radioactivity and mass of 
radionuclides needs to be included in the inventory analysis. Heijungs (1994) proposes that the 
contribution to the internal radiation impact category is expressed as follows: 
Sj ý 
Fi ALI ref ai .............................................................................................. (3-22) 
1 Fref ALli 
ref Reference isotope, e. g. U-238 
Sj total contribution to radiological impact category (e. g. Bq U-238 equivalent) 
ai activity of radionuclide i (Bq) 
7 See Chapter 5 for more details on stochastic and deterministic effects. 
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Fj and Fref measure of exposure to radiation using multi-media models (yr/M3) 
ALI,, f and ALI, Annual Limit on Intake ratio (Bq/kg bodyweight) 
Although this equation includes the fate component, the limitations with respect to ALIs that were 
discussed earlier still apply. Regulatory threshold values such as ALI may suffer from differences 
in standard setting over time and different regulatory agencies may not be consistent. An 
appropriate regulatory standard or a No Observable Effect Concentration (NOEC) similar to that 
used for toxicity (Section 3.4.3) is difficult to establish for radio-isotopes. This is due to the fact 
that definition of appropriate safety levels is a very much debated issue in radiological protection 
and it is argued that unlike many other environmental pollutants, all exposures to ionising radiation 
carry some risk of harmful health effects. This is discussed ftirther in Chapter 5. The reference 
isotope in equation 3-22 is used to avoid the temporal aspects associated with the fate modelling 
by creating a dimensionless number (see Section 3.4.3). By avoiding the time component, 
however, the methodology excludes important information about when the impact takes place. 
This makes it particularly difficult to characterise radioactive solid waste where exposure does 
only occur after a certain time period. This information is important when evaluating the 
environmental profile of the system in the Interpretation phase. The reference isotope is presumed 
to provide a relative baseline for the behaviour of other radioactive elements. This is particularly 
difficult with radionuclides, however, due to the daughter products generated during decay and the 
different half-lives of these. A methodology for assessing radiological impact on human health is 
proposed in this thesis and is further discussed in Chapter 5. The limitations of the above 
methodology are addressed and the proposed methodology covers both internal and external 
impacts as well as potential exposure from radioactive solid waste. 
The above discussion has concentrated on potential impact on human health. Radionuclides may 
also have an impact on non-human biota without a concomitant impact on humans. This is related 
to habitat alteration and biodiversity which are discussed in Section 3.4.7 and a category which 
considers these issues in relation to radionuclides is introduced in Chapter 6 of this thesis. 
3.4.5 Solid Waste 
One of the main differences between the categories listed in Table 3-2 and those originally 
suggested at the SETAC workshop in Leiden in 1991, is that final solid waste is not included as an 
impact category. Up to now many LCA studies have only reported the total amount of solid waste 
arising in a specific system in the inventory, and treatment of solid waste has been given limited 
attention. Weights and volumes of solid waste have often been added regardless of the type of 
waste and then included later in the assessment as an 'impact'. It is now generally accepted that 
disposal of solid waste should be kept within the system boundaries, and emissions should be 
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reported from waste treatment or storage in the inventory. Thus, management of solid waste in, for 
example, a landfill site must be considered as an operation with inputs and outputs in line with any 
other facility within the system boundaries, and important information concerning emissions from 
solid waste must no longer be ignored due to lack of data and models. The solid waste 
management practices that are generally referred to in this section are those which make use of 
uncontrolled processes such as landfills. Waste management processes such as incineration are 
considered to be easier to define as their environmental interventions depend on specific process 
parameters similarly to other unit processes in a LCA. Emissions from landfills can contribute to 
essentially all output-related impact categories in LCA (Finnveden et al. 1995): 
" global warming through emissions Of C02 and CI-14 
" depletion of stratospheric ozone through emissions of landfilled chlorofluorocarbons 
(CFCs) 
" oxidant formation through emissions of volatile organic compound (VOCs) 
" eutrophication through emissions of nitrogen and phosphorus 
" human and ecotoxicological impacts through emissions of persistent organic and 
inorganic compounds 
Some of the characteristics of solid waste management systems which makes them particularly 
hard to define in LCA studies are as follows: 
" Allocation 
" Open systems with varying 
chemical, physical and biological conditions 
" Containment 
" Degradation processes 
" Time frame 
Waste management processes are multi-input systems and difficulties arise when trying to allocate 
emissions to specific material inputs. Allocation based on causality principles is particularly 
difficult due to the complexity of open systems such as landfill sites. Emission can occur via a 
range of routes such as leachate, landfill gas and surface erosion, and these pathways are difficult 
to define as they are continuously influenced by air, water, internal chemical reactions and 
changing composition of the waste. A Rifther influence is initial containment of some types of 
waste and natural barriers such as covering materials. The emission rate can therefore not be 
assumed a priori to be declining exponentially. The degradation of organic waste in landfills will 
follow a sequence of events over time (Finnveden et al., 1995). The first phase is generally the 
period from the opening of the landfill until the biological degradation accelerates. In the second 
phase, aerobic degradation of organic matter takes place leading to carbon dioxide generation. As 
the 02 concentration decreases and C02 increases, fermentative and acetogenic bacteria in the third 
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phase (acid anaerobic phase) start the generation of volatile fatty acids, carbon dioxide and some 
hydrogen. The next phase (methane phase) is anaerobic and generates methane. When the 
methane production slows down final maturation is reached and only the more stable organic 
materials remain. The composition of waste in a landfill at any time is difficult to define as 
different parts of the site may be in different phases depending on the age of the cells (Finnveden 
et al., 1995). The inorganic composition in the landfill will also depend on these different phases 
as pH and hence solubility will change with time. The various characteristics described above all 
contribute to the fact that emissions from solid waste management sites will prevail for a long 
time. Hence, emissions will have to be found through predictions and time-dependent modelling, 
and only potential emissions (rather than actual) can be defined for the inventory. Decisions will 
have to be made with respect to what time-frame should be considered, and weighting of impacts 
which occur at different times may have to be carried out in the valuation phase in order to 
compare the burdens to others which arise directly during the life-cycle. 
The above discussion has highlighted aspects which distinguish solid waste management from 
other processes in LCA and several methodological aspects which need to be resolved. Issues 
such as containment, complex pathways and varying time-frames are common to the management 
of solid radioactive waste, and this is discussed in Chapter 5. A general approach for dealing with 
landfills has been put forward by Firinveden (1996). The following emission factor, Ki (kg 
emitted/kg landfilled) which relates a specific pollutant to an emission is recommended: 
Kj= 
Amount of emitted pollutant i during a certain time period 
.................... (3-23) amount of landfilled pollutant i 
The emission factor as a function of time may be expressed as: 
t 
f Gi(t) dt 
Ki(t) 0 
wxi ................................................................................................... 
(3-24) 
Ki kg emitted per kg landfilled in a specific time period (kg/kg) 
G, outflow of the element i from the landfill (kg/yr) 
W total amount of landfilled solid waste (m 3) 
xj concentration of the element in the solid waste (k g/M3) 
The above emission factor can be used to calculate the emission of an element from a landfill per 
functional unit during a certain time period. It is assumed that the concentration in the leachate or 
emission is constant during the time period considered. The resulting value can be combined with 
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LCA weighting factors to find the contribution to the various impact categories listed in the 
beginning of this section. A review of emission factors found for various metals in solid waste is 
presented in Finnveden (1996). 
The issues discussed in this section are particularly relevant to the Nuclear Fuel Cycle in 
connection with the management of solid radioactive waste and uranium mine tailings. Due to the 
long half life of many of the radionuclides encountered in these wastes, emissions will have to be 
predicted far beyond recordable time periods. A methodology to deal with these environmental 
interventions has been proposed in this thesis and will be further discussed in Chapter S. 
3.4.6 Occupational health and work environment 
In the list of impact categories suggested by Lindfors et al. (1995), the work environment is 
included as a sub-category under human health. The possibility of integrating such a category into 
LCA has been further discussed within the LCANET initiative, and the workgroup recommends 
that the use of the sub-category should be optional and dependent on the goal and scope of the 
study. The arguments for considering the work environment are based on the fact that the 
distinction between the external and internal environment is an artificial one (Potting, 1997). 
Pollutants may be emitted to both environments, and the effects will often be quite noticeable on 
few people in the work environment while they may be small and diluted in the external 
environment. The mining and milling phase in the Nuclear Fuel Cycle is a particular example of 
this. The workers in this industry are the most exposed in the industry due to dust inhalation, and 
the work environment is particularly hazardous in comparison with many other nuclear facilities. 
There are also cases where measures to improve the performance of a system with regard to the 
external environment may have a negative influence on the work environment. An example is 
solid radioactive waste, where the reduction of public exposure due to the release of waste to the 
environment may result in increased occupational exposure due to the additional waste processing 
and storage. These issues can easily be overlooked when assessing the impacts of different 
operations in a LCA. 
The justification for not including the work environment as an impact sub-group is based on the 
argument that many of the aspects covered in this group are similar to costs, social welfare and 
ethics which should be considered in the final decision making process. An example of this is the 
consideration of the welfare of individuals in their work environment. In contrast to many of the 
facilities in the Nuclear Fuel Cycle, the R6ssing Uranium mine in Namibia, for example, has spent 
considerable effort in improving the welfare of their workers both on and off site by investing in 
medical schemes, schools, social clubs and housing. On the other hand, work related accident 
frequency at the site is probably a lot higher than in other branches of the fuel cycle. Statements 
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about the welfare of these workers will be highly subjective and cannot be characterised in the 
impact assessment. 
If, according to the goal and scope of the study, the work environment is to be included in a LCA 
the inventory analysis must be extended to contain more information on work-related health and 
safety issues and detailed knowledge is required on exposure and risk. To make it operational in 
the assessment of the Nuclear Fuel Cycle, extensive data for all sites is required about the size and 
time duration of the radioactive exposure and the measures that are taken to prevent harmful 
exposures. To fully quantify occupational health and safety aspects, one should also consider the 
risk of accidents or injuries and the general welfare of the workforce in their work environment. It 
is outside the scope of this thesis to include all of these issues when considering the range of sites 
in different countries which are included in the fuel cycle. It is realised, however, that attention 
should be given to these issues in the final decision making process. 
3.4.7 Biodiversity 
Biodiversity is concerned with genetic variability within species, numbers of different species and 
existence of different ecosystems (Cowell, 1998). Protection of biodiversity is seen as particularly 
important in order to ensure the continuous health and functioning of species and individuals 
within ecosystems. One of the main arguments to support this is that great diversity and 
complexity affords greater ability to minimise the magnitude, duration and irreversibility of 
changes brought about by some external perturbation such as human activity (Goudie, 1995). As 
biodiversity is so closely related to ecological health, it is argued that it should be included as an 
impact category within LCA. This is not undisputed, however, and the North American SETAC 
work group on Life Cycle Impact Assessment (SETAC, 1997) argue that it is more appropriate to 
consider biodiversity as a secondary and not primary effect. This is because biodiversity is a 
general indicator of environmental quality and can be affected by any of the flows or emissions 
included in an inventory. Many of the more explicit categories, e. g. acidification, are themselves 
indirect indicators of potential changes in habitat and biodiversity. It is argued in this thesis, 
however, that there may be impacts on the ecosystem which are not covered by these groups. One 
example is the potential impacts of radionuclides released into the environment. These may 
accumulate in parts of the environment which do not provide any direct pathways to humans and 
there may be potential impacts on the ecosystem without an accompanying effect on human health. 
This problem is addressed in Chapter 6 of this thesis. 
In addition to the effects of pollutants, there may also be physical changes due to human activities 
which affect the ecosystem. Possibly one of the most fundamental ways in which humans are 
causing extinction is by reducing the area of natural habitat available to a species (Goudie, 1995). 
62 
Chapter 3 Life Cycle Assessment 
The proposed impact categories in LCA which deal with such changes are mainly based on 
definitions of "ideal" reference ecosystems. This ignores the fact that biodiversity also entails 
habitats which are managed by and depend on human activities. There are a number of examples 
of the expansion in numbers and distributions of certain species as an incidental consequence of 
human activities such as agricultural expansion. For example the familiar British bird, Starling, 
was rare when the country was extensively wooded (Goudie, 1995). In order to assess the 
potential impact of physical changes caused by for example agricultural systems in LCA, a 
biodiversity impact group is required. A particular problem with such a category, however, is that 
it depends on specific biological data which is currently not present in the inventory. This is 
currently being addressed and biodiversity characterisation factors based on British data have been 
proposed which take into account parameters such as number and diversity of species, productivity 
and area of ecosystem in question (Cowell, 1998). 
The above category can be classified as a high order effect category which is particularly suitable 
to assessing physical changes in ecosystems. As highlighted earlier, impacts on biodiversity by 
specific pollutants are generally covered by lower order categories such as acidification. This is 
not the case with potential impacts by radionuclides, however, as the radiological impacts mainly 
focus on human health. This thesis therefore proposes an Environmental Irradiation category 
which assesses potential changes in ecological health as a result of releases of radionuclides. 
3.5 Interpretation 
The result of the characterisation step is a set of unique numerical indicators which should be 
considered as potential impacts in each category. They do not reflect the actual or total impacts 
from the system under study for the following reasons (Udo, de Haes, 1996): 
* the impacts are analysed in relation to the functional unit of the study and are therefore 
relative values rather than actual impacts; 
the impacts are allocated to a specific product or service system and as the processes 
involved may have more than one function, the impacts which are allocated to the 
system do not reflect the total impacts of these processes; and 
* the inventory lacks spatial and temporal characteristics. 
The scores in each category make up the environmental profile of the system. The various impact 
groups are treated equally and if two different process options are compared by carrying out a 
LCA, the characterisation does not indicate which option is better unless one option scores better 
in all the classification goups. The aim of the Interpretation phase is to take this further by 
evaluating the importance of the various categories and assessing the reliability and validity of the 
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results. The reliability of the LCA is determined by the effects of uncertainties in the data, while 
the validity of the study depends on assumptions and choices made during the course of the 
project. This phase provides a synthesis of all the results and information available in the study in 
order to put forward recommendations for the final decision making process. This last phase in 
LCA can consist of several different components: 
" Analysis of significance (sensitivity and uncertainty analysis) 
" Valuation (weighting of impacts) 
" Interpretation (synthesis of the findings in the LCA) 
" Recommendations (translating information into actions) 
There is not yet consensus on whether the first two components should take place in the Impact 
Assessment phase or in the Interpretation phase. In the LCANET initiative they are part of the 
Impact Assessment phase but it is acknowledged that these elements may become part of the 
Interpretation phase in the ISO framework (Firinveden et al., 1997). In this thesis 'Analysis of 
significance's is discussed under 'Interpretation' as this element concerns not only the Impact 
Assessment but also the Inventory Analysis. Uncertainty and sensitivity analysis should routinely 
be carried out throughout the LCA and the results of these provide important information to the 
final decision making exercise. Valuation is considered in this section as it is seen to be part of a 
broader interpretation and decision support process, rather than a tool for weighting and 
aggregation of results before this process takes place. 
3.5.1 Analysis of significance 
The purpose of the 'analysis of significance' element is to conduct sensitivity and uncertainty 
analysis on the various phases of the LCA before any results are used in decision making, in 
particular on the inventory data in order to check the data quality and on the characterisation 
methods to test the reliability and representativeness of the indicators used. The analysis of 
significance with respect to these results will identify the degree of difference between two 
scenarios, confidence in the values and the meaningfulness of the results (SETAC, 1997). 
Sensitivity analysis or marginal analysis, for example, may be used on the inventory data to 
determine what process data has the largest impact on the results; confidence in these values can 
then be further evaluated. These issues must be addressed continuously through the LCA in order 
to deal with uncertainty as it arises. This will allow confidence levels to be reported at each stage 
11 In the LCANET document on Impact Assessment, this component refers to normalisation in the Impact Assessment phase (Finnveden, 
1997). This thesis, however, interprets Analysis of Significance to include normalisation as well as sensitivity and uncertainty analysis, 
in line with the North American work group on Impact Assessment (SETAC, 1997). 
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in the analysis rather than letting the uncertainty propagate without knowledge of its separate 
contributions. 
3.5.2 Valuation 
In valuation, relative values or weights are assigned to the different impact indicators in order to 
compare the various categories in the environmental profile. This is often followed by aggregation 
of the weightings and scores to a single value for the system in question. This is a particularly 
contentious issue as value judgement must always be applied and there are both ethical and 
ideological arguments about what valuation methodology to use and who should be able to 
influence the decision process. The need for valuation is a result of the complexity of the 
environmental profile which may involve conflicting benefits and trade-offs. It is required in order 
to help the decision maker reach a conclusion. Valuation is not a stand-alone exercise and must be 
treated as part of a broader decision-making process which involves various other dimensions such 
as cost, performance, customer requirements, safety, risk and regulatory compliance. Whether 
these non-environmental criteria should be considered within the LCA framework or later has not 
been clarified. The whole valuation process is based on subjective values and is not scientific and 
objective. An emerging issue in LCA is therefore how to perform and implement this process and 
whether a generic valuation system applicable to a wide range of LCAs is feasible. Three main 
approaches are commonly referred to: 
" distance-to-target 
" monetary based valuation 
" societal preference expression (panel methods) 
The distance-to-target method defines a set of targets to which the impact scores are quantitatively 
related, and it takes the following general form: 
Wi ý-- I /Ti ................................................................................................... 
(3-25) 
where Wj valuation weighting factor for impact category 
Tj Target value for impact score 
This is a generalisation of the Critical Volume approach and the method is often considered to be a 
step in valuation rather than a valuation method in itself (Finnveden et al., 1997). The targets may 
be political reduction targets or scientific sustainability levels, and the target setting is seldom 
transparent and is easily dominated by economic powers. Consensus does not exist on what 
targets to use and the method suffers from being based on subjective statements. 
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The monetary based methods aim to put a cost on different societal and environmental damages 
and hence change the data into a common unit which can be further aggregated. A variety of 
techniques such as willingness to pay or accept compensation are used to derive the monetary 
value of every impact. These methods are discussed in detail in Chapter 2 
The panel methods investigate the preference of society for priorities in improvements of 
environmental impacts. The preferences may reflect those of lay people, societal groups, scientific 
experts, governments or international bodies. The methods are based on direct communication 
with individuals or groups and there is a lot of scope to deviate from targets or standards and to 
take into account factors such as uncertainties and perception of risk. The final stage of the panel 
methods is to use quantitative techniques such as multi-attribute utility theory and the analytic 
hierarchy process, to bring the qualitative weighting factors together. 
3.5.3 Interpretation and Recommendations 
The interpretation element brings together all the information gathered through the study, 
including the significance analysis and the valuation process, in order to draw conclusions and 
make recommendations. The final outcome of this element is very much dependent on the goal 
and scope of the study and for whom the information is provided. Normally a set of 
recommendations are made which will then be used further in a wider decision making process. 
The role of LCA in decision making was discussed as part of the LCANET theme on "Positioning 
and Applications of LCA" (Cowell et: al., 1997). It was stressed in this report how important it is 
to use LCA in conjunction with other environmental management tools. In addition to some of the 
limitations of LCA which have been discussed earlier in this chapter, the use of LCA alone as a 
basis for decision making is generally not acceptable for the following reasons (Cowell et al., 
1997): 
9 The decision maker may consider the environmental impacts assessed in the LCA to be 
irrelevant to the decision 
9 The cost of a comprehensive LCA may outweigh its usefulness 
9 LCA does not consider the strategic context for a decision, e. g. decisions with long 
term implications must consider future innovative alternatives 
LCA does not generally consider the wider implications of decision such as changes in 
the structure of an industrial sector 
Whether the integration of other tools is carried out within or outside the LCA, however, depends 
on whether the LCA is considered as a tool or a process in context of the study. If the LCA is 
treated as a tool, only environmental considerations will be included in the study and other factors 
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will be looked at separately. If the LCA is considered to be a process, stakeholders must be 
involved already within the goal and scope definition phase, and results from the other 
management tools must be incorporated in the Interpretation phase. 
3.6 Summary 
This chapter has described the Life Cycle Assessment methodology which forms the backbone of 
this thesis. There is now consensus within the LCA community about the structure of the LCA 
framework, but only the inventory phase can be considered to be 'fully' developed. Aspects 
within the Impact Assessment and Interpretation phases are still controversial, and several areas 
need further research. This chapter has also highlighted some of the main challenges with respect 
to the Nuclear Fuel Cycle which differs from many other more straightforward applications of Life 
Cycle Assessment. These includes issues such as radionuclides in the impact assessment, 
radioactive solid waste management and environmental interventions which arise over long time 
periods. The following chapter will describe how the LCA methodology has been implemented 
and the developments which have been made in order to perform a full LCA of the Nuclear Fuel 
Cycle. 
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Methodological Implementation 
4.1 Introduction 
The Life Cycle Assessment methodology and some of the issues related specifically to the 
assessment of the Nuclear Fuel Cycle were introduced in Chapter 3. The implementation of this 
methodology is not a linear step-by-step method, but an iterative process in which several issues 
have to be continuously revisited. This chapter describes the main facilities considered in this 
study, the inventory that has been developed and the assumptions that have been made. It also 
includes a more detailed discussion on the resource extraction and solid waste disposal stages 
considered in the study and the transport and energy issues linked to the fuel cycle. Several of the 
topics discussed in this chapter represent new expansions within the LCA framework. The 
methodological developments related to the Impact Assessment phase are only briefly introduced 
in this chapter and then described in more detail in Chapter 5 and 6. 
4.2 Reference Sites 
This Life Cycle Assessment focuses on the Nuclear Fuel Cycle in the UK. The functional unit is 
the production of I TJ of electricity from a Pressurised Water Reactor (PWR). The main facilities 
involved in the assessment are listed in Table 4-1. 
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Table 4-1 Reference sites 
Facility Site Company Description 
Mining and C. R6ssing Uranium mine, 412 R6ssing Uranium Ltd., C) Opencast Uranium mine Milling Swakopmund, Namibia RTZ-CRA Corporation 
Minina and 0 Ranger Uranium mine, Energy Resources of Opencast Uranium mine 1. r., Mil ma Alligator region, Australia Australia (ERA) 
Fuel Springfields Works, British Nuclear Fuels Manufacturing of UF6, 
manufacturing Preston, UK PIC. Magnox, AGR and PWR fuel 
Uranium Capenhurst Works, Urenco Ltd. Enrichment of uranium 
Enrichment Cheshire, UK hexafluoride (UF6) 
Power reactor Sizewell B Suffolk, UK Nuclear Electric Ltd. Pressurised Water Reactor 
(British Energy) (PWR), production of 
electricity 
Spent fuel SellafieId, Cumbria, UK British Nuclear Fuels Reprocessing of spent fuel 
Reprocessing PIC. 
Radioactive Drigg, Cumbria, UK Olt- British Nuclear Fuels Sub-surface disposal of Low Waste Disposal PIC. Level Radioactive Waste 
Radioactive Unknown Nirex Deep disposal of High Level 
Waste Disposal Waste (HLW) and 
Intermediate Level Waste 
(ILW) 
All the reference sites are situated in the UK except for the mining and milling facilities. The 
uranium is bought on the spot market or through long term contracts with various companies 
responsible for a range of mines around the world, and it is not known which sites are relevant for 
the study. It is therefore necessary to account for a range of mining and milling technologies, and 0 
site-specific data has been collected for both the Rbssing Uranium mine in Namibia and the 
Ranger Uranium mine in Australia. As the mining and milling stage of the fuel cycle has been 
particularly difficult to define, it is further described in Section 4.4. For the main manufacturing 
sites in the UK, site-specific data has been collected from Nuclear Electric for the power reactor, 
Urenco for the enrichment process and British Nuclear Fuels for the fuel manufacturing and 
reprocessing stages. Low Level Waste (LLW) is disposed at the Drigg site near Sellafield which is 
also run by BNFL. Disposal sites for Intermediate Level Waste and High Level Waste, however, 
do not yet exist, and hypothetical sites have been chosen in this study. This is further discussed in 
Section 4.4. The reference sites in relation to each other and the separation between the 
foreground and background system as discussed in Chapter 3 is shown in Figure 4-1. A short 
introduction to the facilities considered is given here, while flow diagrams and a full review of 4D 
each site and technology are included in Appendix A. The background system is discussed in 
Section 4.2.2. 
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4.2.1 R6ssing Uranium Mine (Namibia) 
R6ssing Uranium Ltd, a fully owned subsidiary of the RTZ-CRA Corporation, is currently the only 
uranium producer in Namibia and runs the largest open-pit uranium mine in the world (R6ssing, 
1994). The mine is situated in the central Namib desert region and the climate is characterised by 
strong winds and low rainfall. The plant is designed to produce 4,550 tonnes of uranium oxide per 
year (Premoli, 1994). It is one of the lowest grade uranium deposits ever commercially exploited, 
with an average grade of only 0.035% U30s, and a rock production rate (ore plus waste) of over 
300,000 tonnes per day. The metallurgical plant at R6ssing is capable of treating up to 50,000 
tonnes ore per day using a sulphuric acid leaching process. The uranium content of the ore is 
dissolved by the sulphuric acid, and the resulting suspended sand and slimes in the leached pulp 
are separated out in hydrocyclones and thickeners and then pumped to the tailings area. The 
uranium in the pregnant solution is concentrated and purified through Ion Exchange and Solvent 
Extraction processes and recovered by precipitation. These processes are described in more detail 
in Appendix A. The sulphuric acid is produced on site by the roasting of pyrites. The main 
environmental interventions at the site are sulphur dioxide emissions from the acid plant and radon 
and dust from the mining and milling activities. In addition the mining gives rise to large amounts 
of waste rock and the milling of the ore results in tailings which must be disposed of in specially Cý 
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designed tailing dams. Due to the dry climate, water management is of prime importance and the 
site has no recorded effluents. The final product, yellowcake, has a U308 content of about 98% 
(IAEA, 1993). 
41.2 Ranger Uranium Mine (Australia) 
The Ranger Opencast Uranium mine is the only operating mine in the tropical Alligator River 
region of northern Australia. The climate in this region is characterised by extreme wet and dry 
seasons. The plant was conservatively designed to produce 3,000 tonnes of uranium oxide a year 
(Ranger, 1992). The mill has however operated at rates in excess of 3,800 tonnes per annum and 
only minor modifications will be necessary to achieve production capacities in excess of 4,500 
tonnes per annum (Ranger, 1990b). The average grade of the Ranger ore bodies is approximately 
0-30 % U308 (Ranger, 1992). The mill uses a sulphuric acid leach similarly to the R6ssing 
process. Sulphuric acid needed for the leaching process is manufactured on site from elemental 
sulphur. The Ranger site also has its own diesel driven power plants which supplies electricity to 
the mine and the township of Jabiru. Due to the wet tropical climate there is an excess of water 
which is sent to the tailings dam. This acts as an evaporation pond during the dry season and 
enables the disposal of approximately 2,000 million litres in an average year. 
4.2.3 SpringfieIds Fuel Manufacturing (BNFL) 
Springfields Works near Preston is the Fuel Manufacturing Division of British Nuclear Fuels ple 
(BNFL). The site has facilities for the conversion of uranium ore concentrates to uranium 
hexafluoride (UF6) as well as production plants for the manufacture of uranium dioxide (U02) 
powder and pellets. The plant produces uranium metal fuel for Magnox reactors and uranium 
dioxide fuel for Advanced Gas-cooled Reactors (AGRs) and Pressurised Water Reactors (PWRs). 
The conversion of uranium ore concentrates to uranium tetrafluoride is common for the production 
of both metal and oxide fuel. After this stage, the manufacturing line is divided and the UF4 is 
either sent directly to the production of metal fuel or converted to UF6. The UF6 is passed on to 
Urenco at Capenhurst (see section 4.2.4) to be enriched, before it returns to Springfields and enters 
the New Oxide Fuel Complex (NOFC) for the production of oxide fuels. This newly 
commissioned plant allows the entire fuel production capability for both PWRs and AGRs, from 
powder production to fuel rod assembly, to be carried out under one roof. The NOFC will also be 
able to handle reprocessed oxide fuel, and both non-irradiated and oxide reprocessed material will 
follow the same route. A more detailed account of the fuel manufacturing processes at 
Springfields is given in Appendix A. 
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4.2.4 Capenhurst enrichment plant (Urenco) 
After the conversion process, the UF6 contains approximately 0.7 % U-235. The percentage 
needed for PWR fuel is about 3-4 % and the enrichment process increases the ratio of U-235 to U- 
238 to the level needed for the fuel. Natural or reprocessed uranium is delivered to the enrichment 
plant as uranium hexafluoride, UF6. This is vaporised and fed into fast-spinning gas centrifuges 
which concentrates the heavier U-238 isotope closer to the wall than the lighter fissile isotope U- 
235. The centrifuges are interconnected to form a cascade, and the process is repeated until the 
product is enriched and the tails depleted to the required levels. Approximately 7 kg of tails or 
depleted uranium is produced per kg of enriched product. The depleted product which contains 
around 0.2% U-235, is drummed and sent for storage. This material may have a future use as, for 
example, fuel for fast reactors. This is discussed in more detail in Section 4.3.3. The cascades are 
connected to operational units, each of which is entirely self-contained. This gives the flexibility 
to produce enriched uranium with different assays at the same time. It also allows enrichment of 
reprocessed uranium separately from natural uranium thus avoiding any cross contamination. The 
enriched product is packed in drums and transferred back to the fuel fabricator for further 
processing (see Section 4.2.3). 
4.2.5 Sizewell B power plant (Nuclear Electric) 
Sizewell B is situated on the Suffolk coast and is Britain's first Pressurised Water Reactor (PWR). 
It is run by Nuclear Electric Ltd. which is now a member of the British Energy group. The nuclear 
fuel in the reactor is held inside a cylindrical steel pressure vessel filled with water under high 
pressure. This water cools the fuel and transfers the heat produced by the fission reaction to the 
boilers. It also acts as a 'moderator' to slow down the neutrons released in fission so that they 
more readily promote further fission (Nuclear Electric, 1994). The steam produced in the boilers 
is used to drive two turbines which are mechanically connected to an electrical generator. The 
reactor supplies 1,188 megawatts at full power. The cooling water used to condense the steam is 
sea water, and it is estimated that Sizewell B will take in and let out 3.1 million litres of water 
from the North Sea every minute. Approximately one third of the fuel is replaced each year and the 
spent fuel assemblies are lifted out of the top of the reactor and moved to a storage pond. The 
spent fuel will remain in these ponds until a decision is made about whether to reprocess the fuel 
or dispose of it directly. The two fuel management options are commonly referred to as the open 
and closed fuel cycles, and this thesis will investigate both scenarios (see case studies in Chapter 
7). 
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4.2.6 Sellafield reprocessing plant (BNFL) 
Reprocessing in the UK is carried out at Sellafield in West Cumbria by British Nuclear Fuels. 
Oxide fuel is reprocessed in the Thermal Oxide Reprocessing Plant (THORP) which began 
operation in 1994. The plant, which has a design capacity of 1,200 tonnes of uranium per annum, 
will principally receive fuel from Advanced Gas-cooled Reactors (AGR) in the United Kingdom 
and from Light Water Reactors (LWR), of which the Pressurised Water Reactor (PWR) is the most 
common, in Europe and Japan. THORP combines all the facilities necessary for reprocessing 
nuclear fuel in one plant, and is fully integrated with Sellafield's existing waste treatment plants 
(BNFL, 1992). When the PWR spent fuel is received at Sellafield, it is stored in the fuel pond and 
cooled for about five years before it is transferred to the plant. The reprocessing plant is divided 
into two sections known as "Head End" which shears and dissolves the fuel in hot nitric acid and 
"Chemical Separation" which separates the fuel solution into uranium, plutonium and fission 
products. The mechanical head-end batch processes are designed to achieve a throughput of up to 
7 tonnes of U per day and the continuous Chemical Separation plant has a design throughput of up 
to 5 tonnes of U per day. The fission products are routed to highly active waste treatment before 
being vitrified, while the uranium and plutonium streams are further purified before concentration 
and packaging. The final products are U03 powder which is packed in drums and PU02 powder 
which is packed in stainless steel cans under argon for safe storage. 
4.2.7 Disposal sites 
The BNFL owned Drigg site, 6 kin south of Sellafield in Cumbria, is presently the principal site in 
England for low level radioactive waste disposal. Consent to dispose of waste in the northern area 
of the site was granted in 1957 and operations started in 1959. Around 70% of the material 
handled at Drigg comes from Sellafield and is transported by rail to the site. The rest arrives by 
road from other BNFL sites, nuclear power stations, hospitals, research establishments and other 
industries. In the past, disposal procedures at Drigg involved tipping the waste into trenches and 
covering them with stone and soil. Six such trenches, occupying one sixth of the total site, have so 
far been filled. This site has now been upgraded, and a new concrete-lined vault has been in 
operation since 1988. The drainage from within the vault and from below the vault can be 
independently monitored and are routed to a site water management system and discharged to sea 
via a marine pipeline (IAEA, 1992a). After completion of the operational phase of each vault, 
expected to last approximately 10 years, the vault will be capped with a multi-layer structure and 
drainage layer which includes low permeability materials to divert infiltrating rainwater away from 
the vault. As part of the move to vault disposal, a new waste package has also been specified 
consisting of high-force compacted waste cemented into steel containers. 
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Disposal sites for the other categories of radioactive waste have not yet been identified in the UK, 
and hypothetical sites have been chosen for use in this study. This is further discussed in Section 
4.5. 
43 Inventory 
The initial process of building up a detailed database of the system is the most time consuming 
part of a Life Cycle Assessment. During this process, the initial aim and scope of the study is 
continuously revisited in a dynamic and iterative process. This is to make sure that the correct 
system boundaries are employed and that the required level of detail is included. The following 
important points need to be made with respect to the goal of the study and the resulting 
assumptions made when developing the inventory: 
9 As the goal of the study is to assess current process operations, the data gathered in this study is 
the most recent data from all the operational sites, reflecting common good practice. This 
means that the time span from the mining of uranium to the disposal of spent fuel with respect 
to technological changes is not taken into account. 
The Inventory is restricted to the fuel cycle associated with the Pressurised Water Reactor 
(PWR) and does not include data on any other power reactors. If other reactor technologies are 
assessed, the system boundaries need to be extended to include other fuel types in fuel 
manufacturing and different facilities for reprocessing. The system boundaries include 
recycling of reprocessed uranium, but exclude potential use of depleted uranium from 
enrichment and plutonium from reprocessing. It is assumed that these products are drummed 
and sent to temporary storage. Significant extensions to the inventory need to be made if the rý 
LCA is to explore the use of these by-products (see section 4.3.3). 
As the aim of the LCA model is to assess new technology within nuclear fuel processing and 
reprocessing, the level of process detail considered for these facilities is much greater than for 
the others. The inventory for the BNFL plants includes detailed input and output data for 
individual processes, while the other facilities cover less process detail and concentrate on 
inputs and outputs for the plant as a whole (see inventory in Volume 2 of this thesis). 
The quality of the data collected will unavoidably differ from site to site. This has been made 
transparent in the inventory in Volume 2 of this thesis, and the reference source and age of the 
data are clearly stated. The data for the mining sites will mainly be process data collected over C) 
several years, while for plants like THORP and Sizewell B much of the data collected is design 
data taken from process flow diagrams. This is due to the fact that the latter facilities have not 
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been running for sufficient time to get all the required data from measurements. This must be 
born in mind when evaluating results from the LCA model. Furthermore, the flow sheet data 
does not truly represent the final operation of the facility. For example, it has been known for 
some time that THORP has not yet reached full production. When more data becomes 
available for the processes that are not yet performing according to design, these must be added 
to the inventory. 
Data for capital goods, space, decommissioning etc. is not included in the assessment. This is 
because the aim of the LCA is to provide a tool to compare different process options within the 
industry. The commissioning and decommissioning of the various facilities do not appear 
among the parameters which distinguish between the options. If in future the model is used to 
compare different fuel cycles or assess larger policy issues, however, this type of data must be 
taken into account. This is a matter of extending the inventory and looking at the whole 
running life of the plants. Decommissioning wastes are also distinct from operational wastes in 
both nature and radioactivity, and disposal of these wastes will have to be considered 
separately. 
Data for the background system, such as the production of chemical reagents or electricity for 
the national grid, will be taken from publicly available databases. This is further discussed in 
Section 4.3.2. There are some exceptions such as the R6ssing and Ranger uranium mines 
which produce their own sulphuric acid for consumption in the milling process. In these cases 
the data will be considered in the foreground system. 
Some of the above points will be covered in more detail later in this chapter. These issues must 
continuously be revisited when using the LCA in case the scope or aim of the study changes. 
One of the aims of this thesis has been to develop a user friendly and transparent LCA model 
which can be continuously updated and improved during future use. The inventory must be 
updated on a regular basis to make sure that it truly represents the various facilities and that it 
reflects common good practice in the industry. The data in the inventory has been processed and 
normalised according to the functional unit of the fuel cycle which is to supply I TJ of electricity 
to the distribution grid, but all the original data is still present as it was received from its source. 
The calculations and assumptions made have also been covered in detail throughout this thesis. 
This is important as process specifications might change or better information might become 
available for certain parts of the fuel cycle. The complete inventory is given in Volume 2 of this 
thesis and a rough mass balance of the system is shown in Figure 4-2. The calculations required to 
develop this mass balance are given in Appendix B. 
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4.3.1 Datasheets and Flowsheets 
The life-cycle inventory in Volume 2 of this thesis is organised such that each site has a series of 
datasheets with corresponding flow diagrams. The layout of the inventory is consistent with the 
common format proposed by the Society for the Promotion of LCA Development (SPOLD) 
(Singhofen, 1996). At the Springfields and Sellafield sites, the system is subdivided into a set of 
unit processes which are linked by material flows. Each unit process encompasses a group of 
related processes. In order to make the inventory transparent and easily comprehensible for other 
users, a datasheet format with a related flowsheet has been developed for each of the subunits. 
Examples of such a datasheet and flowsheet are shown in Figure 4-3 and Figure 44. 
Unit process/system Uramum Punficauon 
Refeirence Solvent wasu-tion and associated solvent wash cycles, Mark 3, Revision 3 
ReC Code P6 
Date 
Functional Unit Daily basis. 5 teU before irradiation 
Mass Balance U 
Pit 
Inputs Type composition Unit Value Source Notes 
Liquor U (69 g1I) kg HA/OK wash column Vol. 72.7 in' 
Pu (0 22 MgA) kj; PS 
Np (20 ing/1) kg 
TC-99 Bq 
Ru-106 Bq 
Cs-134 Bq 
Cs-137 Bq 
Ce-144 Bq 
1-129 Bq 
HN, M 
HNO, M 
Re2Rem HNO, M Conditioning Vol 27 9 in' 
Reagent TBP/OK % Vol 89 in' 
Ru-106 Bq 
Reagent HNO, M V. I 11.1 mi 
NH, OHHNO, M 
Reagent TBP/OK % Vol 33 in' 
Ru-106 Bq 
Reagent HNO, M Vol. 12.8 in' 
NH, OHHNO., M 
Reagent HNO, M V. I. 101 m, 
Output$ Type Composition Unit Value Rneiver Notes 
Liquor U kg SFE From UPI 
Np kg W5 Vol 1138ro' 
flu kg 
TC-99 Bq 
Ru-106 8q 
Ce- 144 Bq 
Cs. 134 Bq 
Cs. 137 Bq 
HN3 TRACE 
14H20HHNO, M 
HNO, M 
Liquor U kg UP Solvent Wash Vol. 121 in' 
Np It& 
Pu kg 
TC-99 Bq 
Ru-I(M Bq 
HN3 M 
HNO, M 
U (49 gA) kg Uranium finishing Vol. 102.7 m' 
Np kg ps 
Pu lig 
Tc-99 Bq 
Ru. 106 Bq 
Ce-144 Bq 
Cs 134+137 Bq 
HN3 M 
HNO, M 
Ancillarv Services Type Unit Value Notes 
Poýer kW 
Steam kg 
Water kR 
t1gure 4-3 Example of a Sub-unit Data Sheet 
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On top of the datasheet, the title of the sub-unit being described is given together with a reference 
and reference code to identify the source of the data. The date at which the information was last 
up-dated is also included. The functional unit on which the data is based is indicated, and a check 
on the sheet's mass balance for some of the main components in the inputs and outputs is 
calculated. The sheet is further divided into inputs, outputs and ancillary services. Each input 
stream is related to its source and all output streams are related to a receiver so that the data can 
easily be linked to other data sheets. 
Umnium Pwification 
I 
P6 
Nanc Solvent Marie Acid Solvent Nnne Acul 
Ac. d Steam W 16.2 Hydroqhmne W162 hydro)Wlwme Mine AW 
.............. 
I 
7 ý P5 Condaming UP (E) UP I (S) UP 2 (E) UP 2 (S) 2 L UP3 ps P61 2 P6.3 P64 P65 P6.5 P66 
---------------------- ------- ----- --------------- ----- ----- .......... -------------- ...... ....... ------ -------- - . 
SFE SFE UP Solvent Wash 
W5 ws W162 
Key P5 Process system number 
P6.1 System Sub-process number 
W5 Waste system number 
Figure 4-4 Example of a Sub-unit Flowsheet 
The flow diagram describes a sub-unit with a system boundary which indicates the level of data 
included in the corresponding data sheet. Data for all streams entering and leaving the system 
boundary are included in the data inventory sheet. In the flow diagram, the materials and ancillary 
services required for the system such as power, water and steam enter from the top. The main 
input and output streams between sub-units are indicated on the side, while the outputs to waste 
treatment processes and direct emissions to the environment exit from the bottom. 
4.3.2 Background processes 
The difference between a foreground and a background system in LCA was described in Chapter 
I The inventory discussed earlier in Section 4.3 represents all the foreground processes, while the 
inventory for the materials, chemicals, transport and electricity feeding into these processes 
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represent the background system. Data for these latter processes will be taken from publicly 
available databases, and an overview of these may be found in the SPOLD directory of life cycle 
inventory data (SPOLD, 1995). SPOLD, the society for the Promotion of LCA Development, 
prepared this directory to assist LCA practitioners in their search for data and to give a guide to the 
accessibility and quality of the data. The Directory distinguishes between: 
Reports and software packages containing inventory dat - many of these are developed 
specifically to aid practitioners in conducting LCA's and much of the data comes from the same 
root sources. 
e Trade association data - these are databases for specific processes and products and much of the 
data is not publicly available. 
9 National & international database proiects - Several large projects are underway, but most are 
still in the early stages of feasibility assessment, scoping and definition. 
Although several of these sources may provide data for similar systems, they may differ with 
respect to geographical boundaries, different technological levels, methodological assumptions and 
so on. It is therefore important to be consistent in choice of databases and to make cross-checks 
and comparisons when appropriate. The main database used in this thesis is that contained within 
the computer-based LCA software package PEMS 3 (Pira Environmental Management System). 
The database in this software is derived from the following main sources (Table 4-2): 
Table 4-2 PEMS database sources (SPOLD, 1995) 
Author/Originator 
Swiss Federal Office of Environment, 
Forests and Landscape (BUWAL) 
Association of Plastics manufacturers in 
Europe (APME) 
Title Date 
Ecobalance of packaging materials: 1991 
state of 1990 
Eco-profiles of the European 1992-94 
plastics industry 
International Energy Agency IEA databases 1992 1992 
International Institute for Applied Systems International database for ecoprofile 1991 
Analysis analysis (IDEA) 
Franklin Associated Ltd. Characterisation of solid waste in 1992 
the United States, update 1992 
Institute for Energy Technology (ETH- Environmental Life Cycle 1990 
ESU) Inventories of Energy Systems 
Some data which is not present in the PEMS 3 database have been taken from other sources such 
as the LCA software Simatool (CML, 1995) and added to a separate database within PEMS 3. The 
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Simatool software has not been used as extensively as PEMS 3 as it is based on a different 
operating system. It can therefore not easily be linked to the model in this thesis. The background 
system for most of the case studies presented in this thesis is therefore based on PEMS 3 (see 
Chapter 7). During the course of writing this thesis a new version of this software, PEMS 4 has 
been released. This contains a more updated database, and the latest version of the ETH inventory 
(ETH & PSI, 1996). 
4.3.3 Multi-input/output processes 
There are several facilities in the Nuclear Fuel Cycle that serve more than one function and which 
produce more than one product (Figure 4-5). This gives rise to the problem of allocation which 
was discussed in Chapter 3. 
Umnium 
other 
LWR fue I 
AGR fuel 
Mining/Milling 
Rossing Other rtining 
& milling sites 
Urartium 
FFuel pro! ucýion 
I 
Reprocessing s 
@THORP 
Plutonium 
ýpnngneux ano 
Enrichment @I 
Capenhurst 
Depleted 
Uranium i 
PowrProduction 
@ sizewell 
---------------------- 
Magnox 
Reprocessing 
Waste 
Manage ment 
Sellarield 
! 
......................................... 
I Ti 
Figure 4-5 Multi-input/output processes 
The uranium that enters the fuel manufacturing facility originates from various sites around the 
world. It is outside the scope of this LCA to extend the system boundaries to include all of these 
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and the definition of this stage of the fuel cycle is further discussed in Section 4.4. The 
reprocessing facility, THORP, accepts fuel from several different reactors including Pressurised 
Water Reactors (PWR) and Advanced Gas cooled Reactors (AGR). The processes at THORP 
operate on a fuel-by-fiiel batch basis, however, so it is relatively easy to generate data based on the 
reprocessing of PVvR fuel only. It is more difficult with some of the waste treatment facilities 
associated with THORP, however, as they also accept waste from the old Magnox reprocessing 
plant. In these cases, the proportion of the output stream that should be allocated to a THORP 
input stream is generally found using Decontamination Factors (DFs). These describe the degree 
of purification achieved by a process and are defined as the ratio of a stated impurity of a 
component in the feed divided by the equivalent ratio in the product (Wilson, 1996). 
Multiple outputs in the system occurs at the enrichment and reprocessing stages. When uranium is 
enriched at Capenhurst, significant amounts of depleted uranium are produced. This is not 
classified as waste, however, as it might still be useful in, for example, fuel for fast reactors or 
accelerator-based transmutation devices or in non-nuclear applications such as radiation shielding. 
These issues are further discussed in the enrichment section in Appendix A. Many of these 
suggestions are still at the research stage and at the moment most of the depleted uranium is stored 
awaiting a decision about its future. In this LCA, it is assumed that this product remains in storage 
and no consideration is given to its potential future use. The reprocessing stage give rise to two 
useful products; plutonium and uranium. This LCA investigates the potential use of reprocessed 
uranium in fuel for the PWR reactor, and feeds this product back into the cycle. Potential use of 
plutonium in, for example, Mixed Oxide (MOX) fuel is not further considered. This would 
involve significant extensions of the system boundaries and was not seen to be feasible in this 
project. Similarly to the depleted uranium, the plutonium is assumed to remain in storage and no 
consideration is given to its potential future use. These materials therefore remain within the 
system boundaries (see Figure 4-5), but no burdens have been associated with their storage. 
4.4 Uranium mining and milling 
The resource extraction stage in the Nuclear Fuel Cycle is often given much less attention than the 
more controversial reprocessing and power production stages. When looking at the fuel cycle in a 
holistic way however, this step is particularly important in the comparison between the open and 
closed fuel cycle options'. This will be illustrated in the case studies in Chapter 7. If the spent 
fuel from the power reactor is reprocessed, i. e. the closed fuel cycle, the full energy potential of 
the fuel is better utilised and uranium resources are conserved. The process of separating fission 
1 Open and Closed Fuel cycles are discussed in Chapter I 
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products from uranium and plutonium, however, generates liquid effluents, air emissions and large 
quantities of radioactive solid waste. Using reprocessed uranium will also have an effect further 
downstream in the fuel cycle as fuel manufacturing and enrichment processes will need to take into 
account the increased radioactivity associated with traces of fission products and transuranic 
species in the material (Wilson, 1996). On the other hand, if the open fuel cycle is followed 
greater quantities of fresh uranium feedstock are consumed, and some of the environmental 
burdens may in this case be shifted towards the mining and milling stages of the fuel cycle. 
Uranium mining and milling give rise to large volumes of solid waste containing a significant 
proportion of the original activity of the ore in addition to many of the chemicals introduced during 
the milling. Hence, when considering the different fuel management options, the human and 
environmental impacts associated with solid radioactive waste and discharges of effluents and 
gaseous emissions need to be considered for all stages in the fuel cycle including the mining and 
milling step. 
Mining and milling is considered in more detail than the other facilities in this chapter as the 
incorporation of mining into the LCA framework has not previously been developed and made 
operational. The work on uranium mining in this thesis has contributed to a continuing research 
programme on Environmental Life Cycle Assessment of Mining and Minerals Processing 
Industries (Petrie et al., 1996). The use of LCA as an environmental management tool has become 
particularly important for the primary resource industries as there is an increasing public pressure 
for secondary industries to select materials from environmentally well-managed sources. Several 
shortcomings in LCA have to be addressed, however, to be able to apply the methodology to these 
industries, in particular the localised environmental burdens associated with solid waste 
management. In the case of uranium mining and milling, these issues have been approached in a 0 
similar way to radioactive waste management in other parts of the Nuclear Fuel Cycle in order to 
use a consistent impact assessment methodology throughout the study. This is further discussed in 
Section 4.4.1. Uranium mining and milling is also considered in more detail in this chapter as it is 
not an easily defined step. This is partly due to the following: 
* Mining and milling technology depends on a range of site-specific factors such as the nature of 
the ore, the surrounding rock and the ore grade. It is therefore difficult to define average or 
state-of-the-art technology for mining and milling. 
9 It is difficult to trace a country's uranium supply back to a specific mine as the different 
uranium suppliers normally have several producing mines of different types and capacities. 
Although the vast majority of the uranium is traded under longer term contracts, the spot 
market remains an influence on the contract terms. Uranium production is currently below 
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uranium requirements, and uranium stockpiles and some recycling of spent fuel are relied upon 
to balance the market (Kidd, 1996). In addition, significant amounts of uranium from 
demilitarised nuclear weapons are also expected to enter the civilian market (LNEA, 1996). 
This adds to the difficulty in defining the uranium extraction technology and the source of the 
uranium. 
The above considerations differ from the other fuel cycle stages in this project. The site-dependent 
nature of minerals processing and the different mining technologies employed make it difficult to 
represent uranium mining and milling by one specific site. 
2 According to Nuclear Electric , the uranium supply for the British Nuclear Power reactors come 
from the following main sources (Nuclear Electric, 1996a): 
Open Pit 51 % 
Underground 46% 
In-Situ Leaching 3% 
These figures are representative of Nuclear Electric's suppliers' delivery commitments over the 
next five years. Simplifying assumptions have had to be made concerning some producers who 
have several producing mines of different types and capabilities. Ideally, representative mines 
from each of the above technologies should be chosen to feed uranium into the fuel cycle using the 
above supply proportions. This would be outside the scope of this project, however, and two open 
pit mines, Ranger in Australia and R6ssing in Namibia, have therefore been selected to represent 
this stage of the fuel cycle. An underground mine is not assessed, as the environmental burdens 
associated with open cast and underground mining will mainly depend on the type of ore deposit 
and the ore grade. These properties will affect the ore processing and the amount of waste rock 
and tailings arising in the operations. Whether the mining is open cast or underground, will have 
little influence on this as the ore processing technology will remain the same for both mining 
operations. The two open pit mines selected for the project have very different ore grade and will 
therefore reflect the differences in ore processing and waste arisings. These mines are also two of 
the largest uranium producers in the world and represent state-of-the art technology. Uranium is 
the primary product from these mines, and this will avoid potential allocation problems in the Life 
Cycle Assessment. Uranium extraction by In-situ leaching represents a completely different 
mining and ore processing technology. As this only contributes approximately 3% to the uranium 
imported into the UK, this technology is not further considered here. 
2 before privatisation to become British Energy. 
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4.4.1 Environmental considerations 
The environmental impacts common to all mining operations including uranium mining, are 
(Daroussin, 1993): 
" landscape changes through deforestation, digging of open pits and building of heap 
leach piles and tailings ponds; 
" geotechnical impact because of vibration from blasting, and stability problems; and 
" hydrogeological impact linked to surface and underground water diversion and fresh 
water pumping. 
These are site-specific impacts which are difficult to quantify in a LCA and which are closely tied 
to decommissioning and the future use of the site. They will not be considered any further in this 
assessment, although it is acknowledged that in a decision making process these issues should be 
considered together with social and economic models of the operation. 
In addition to these hazards, uranium mining and milling cause various occupational and 
environmental risks associated with the ionising radiation emitted by the radionuclides in uranium 
ores. The safety and environmental concerns generally fall into two categories (OECD/NEA, 
1993): 
the protection of the public and the environment from the effects of the uranium mill 
tailings, and 
the protection of workers and the public against the risks of exposure to external 
gamma radiation, the inhalation of radon daughters , and the inhalation of 
long-lived 
ID 
alpha emitters (uranium dust). 
These environmental interventions must be accounted for in the LCA Impact Assessment phase. 
Waste water releases and air emissions associated with the mining and milling operations must be 
included in line with all the other direct discharges in the life cycle, and mill tailings should be 
considered along with the other radioactive waste categories (see Section 4.5). Unlike many other 
industries, average values for these emissions and waste arisings which are representative for 
mining in general cannot be generated. This is related to the site-dependent nature of mining and 
will be illustrated in the comparison of different sites in Section 4.4.2. It is therefore necessary to 
consider scenarios with different mines to give a range of results which represent this stage in the 
fuel cycle. 
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Another important issue with respect to the resource extraction stage is occupational health and 
safety as the uranium miners are among the most highly exposed workers in the Nuclear Fuel 
Cycle. Direct radiation exposure may arise from short-lived y-ray emitters in the ore and internal 
exposure from the inhalation of radon or ore dust containing long-lived a-emitters which may 
accumulate in the lungs (see Appendix A). The occupational health issues may be assessed in the 
LCA using the proposed risk based methodology described in Chapter S. To make it operational, 
however, detailed knowledge is required about the size and time duration of the exposure and the 
measures that are taken to prevent harmful exposures. To fully quantify occupational health and 
safety in this sector of the Nuclear Fuel Cycle, one should also consider the high risk of accidents 
or injuries among miners and the general welfare of this workforce in their work environment. In 
general, the work related health and safety issues discussed above are not accounted for in LCA's 
due to the detailed knowledge required on exposure and risk. It has been recognised as a 
developing area within the LCA framework, however, and it was briefly discussed in Chapter 3. 
With more information on working hours and measures to prevent exposure, the occupational 
health issues can be included in the Human health category discussed in chapter 5. Issues such as 
accident frequency and welfare of workers require a higher level of value judgement, however, and 
are more difficult to include in the framework presented here. It has not been within the scope of 
this study to include these issues, but they are highlighted here as a reminder that they should be 
accounted for the final decision making process. 
4.4.2 Comparison of the Ranger and RBssing Uranium mines 
As discussed earlier, the mining and milling stage in the fuel cycle is particular difficult to define 
due to the site-dependent nature of the operation. This can be highlighted by comparing the two 
opencast uranium mines considered in this study: the R6ssing uranium mine in Namibia and the 
Ranger mine in Australia. These mining and milling sites are reviewed in more detail in Appendix 
A. A comparison of their inventory is shown in Table 4-3. 
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Table 4-3 Comparison of RBssing and Ranger 
Mine R6ssing Ranger 
Ore grade 0.03% 0.30% 
Year 1995 1995 
Production Of U308 2366 t 1616 t 
Inputs Type Unit per kc,, U309 per kgU308 
Ore (total mined) kg 6973 1717 
Ore (milled) kg 2950 358 
Explosives kg 2.2 i i 0.89 
Mn02 (pyrolusite) kg 0.06 i 2.02 
H2SO4 (Sulphuric acid) kg 41 18 
MgO (Magnesium kg 0.06 5.9 
oxide) 
N113 (Ammonia) kg 1 0.7 0.5 
Electricity MWh 1; 0.065 0.018 
Outputs Type unit 1 
Solid U308 product kg II I 
Waste Rock kg 2986 1359 
Tailings kg 2950 358 
Gas Fugitive Dust k,; 0.0013 
Radon Bq 2.02E+08 4. OOE+07 
Sulphur dioxide kg 1.01 
Nitrous oxide kc,, 0.002 
Ammonia kg 00022 
Particulates kg 0.0014 
Liquid U-238/234 Bq 3.47E+03 
Th-230 Bq 3.34E+02 
Ra-226 Bq 7.05E+02 
Pb-2 10 Bq 3.04E+03 
Po-2 10 Bq 1.5 1 E+03 
The main differences between these mines is the ore jzrade and the climate. The ore grades of the 
two opencast mines considered in this study differ by a factor of 10. At Ranger, any ore with 
grade less than 0.023% U308 is considered waste, while at R6ssing the average ore grade mined is 
0.03%. This makes a significant difference with respect to the amount of mill tailings and waste 
rock arising from the production process and the environmental interventions associated with 
these. The two ore bodies are also contained in different host rock with different uranium 
mineralogy. This has bearing on the required leaching conditions and the amount of sulphuric acid 
consumed in the two mines. With respect to the climate, the R6ssing Uranium mine is situated in 
an and desert, while the Ranger Uranium mine is situated in the tropical wet-dry areas of northern 
Australia where seven months of the year are dry and three months are very wet. This causes the 
two sites to have very different water management strategies. At Ranger the runoff water during 
the wet season is stored in different ponds according to its quality. Water that falls on the ore 
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stockpiles, the mine pit and other areas around the process plant is collected and reused as process 
water or for dust suppression in the mine, and any surplus is irrigated over nearby bushland. 
Water associated with the uranium processing plant and the tailings darn, however, is part of a 
closed circuit water system which after repeated recirculation eventually evaporates from the 
tailings dam in the dry season. Due to the water surplus in this region, water management is a 
major challenge at Ranger to avoid pollution of the surrounding environment. At R6ssing, 
however, water consumption is so strictly controlled that there is no measurable quantity of 
effluents. The R6ssing tailings dam is designed using a paddock system where tailings disposal is 
carried out on a cyclical basis to small dams within the main impoundment. This decreases 
evaporation and entrainment losses and most of the tailings liquid is drained off to a collection 
pond and recycled to the plant. Any seepage from the impoundment is collected by cut-off 
trenches or dewatering wells and pumped back to the collection pond. 
Due to the site-specific differences at Ranger and R6ssing, it is believed that these mines cover a 
representative range of current uranium mining and milling facilities. This is shown by the 
comparison of selected data from the R6ssing and Ranger facilities with other open-cast mines in 
Table 4-3. The table illustrates the range of ore grades that are mined and how much the data 
varies from mine to mine. 
Table 44 Comparison of selected mines 
Mine R6ssing Highland' Ranger UMO, Key Lake' 
Ore grade 0.03 0.15 0.3 0.66 2.4 
Inputs Type per kg U308 per kg, U309 per kc, U308 per k, -, U308 per kg U308 
Ore milled (kg) 2950 573 358 156 43 
H2S04 (kcc', ) 41 38 is 64 10 
ýM3 (k. 0) 0.7 0.9 0.5 0.6 
Electricity 0.068 0.018 0.011 0.013 
(MWh) 
Outputs Type 
Radon (Bq) 2. OE+8 11.2E+9 4. OE+7 1.4E+5 
Uranium (kg 7.5E-4 5.2E-5 
Ammonia (kg) 2.2E-3 2. OE-3 
Particulates 1AE-3 LOE-3 
Note: ' Reference: ETH & PSI., 1994 
There is a 60-fold difference between the ore grade at R6ssing and Key Lake in Canada. The 
amount of ore milled per kg of product gives an indication of the recovery efficiency at each site. 
This lies between 85% and approximately 100%. The amounts of sulphuric acid used for leaching 
vary greatly between the different mines. This is due to the dissimilar types of host rock which 
results in differences in leachability. The consumption of ammonia and electricity is not affected 
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by these differences and is fairly stable and within the same range for all the sites. The exception 
is R6ssing where electricity consumption is much higher. This is mainly due to the high ore 
throughput in the milling plant in order to make the operation viable with such a low grade deposit. 
The amount of radon emitted to atmosphere also varies greatly and with no apparent trend. These 
figures will be dependent on a range of factors such as radionuclide content in the waste materials 
and where on site the measurements have been taken. This comparison highlights the difficulty in 
including the mining and milling stage in this assessment due to its site-specific nature, which in 
turn means that it is not appropriate to use average values to describe this part of the fuel cycle. 
This LCA has therefore considered two specific mines which contribute an important proportion of 
the uranium supplies into the UK. They also reflect site-specific differences in ore-grade, host 
rock and climate. 
4.5 Radioactive Solid Waste 
In Life Cycle Assessment, solid waste disposal is now considered within the system boundaries 
(see Chapter 3). The disposal sites associated with radioactive waste arising from the Nuclear Fuel 
Cycle are therefore considered in the foreground system along with the other facilities. This stage 
of the fuel cycle is particularly difficult to define, however, as there are few radioactive solid waste 
disposal sites in existence. Most of the radioactive waste arising in the fuel cycle is currently 
stored awaiting a disposal site to be identified and a decision to be made about its future. In order 
to assess the potential impacts from this waste, however, assumptions have had to be made with 
regard to hypothetical disposal sites and disposal practices. It must be acknowledged that these 
issues are continuing topics of debate, and this thesis can only reflect what is considered to be best 
available technology and practice at the time of writing. 
A clear distinction is usually made between the concept of storage, which covers a temporary 
practice or situation, and the concept of disposal. Disposal is in general interpreted as a final 
measure which may be implemented when all the relevant safety precautions can be taken to 
protect man and the environment from unacceptable radiation risks, for both current and future 
generations and for as long as it is necessary (Olivier, 1991). In principle disposal should be 
executed in such a way that there should be no need to intervene later to take corrective actions. In 
this thesis, the storage options currently in place for radioactive waste are considered on the basis 
of storage time, and they are assumed to be temporary (prior to disposal) and under permanent 
institutional control. Potential impacts associated with these sites are not accounted for in this 
thesis as assumptions have been made with respect to final disposal of the radioactive waste. 
Hence, storage awaiting disposal is considered to be short term and with no significant 
environmental burdens. 
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Potential impacts associated with the temporary storage sites are not accounted for, and this LCA 
will only concentrate on the environmental impacts from the actual disposal of the radioactive 
waste. 
Radioactive waste comprises a great variety of materials, with different physical, chemical and 
radioactive characteristics. There is currently no single harmonised system of waste classification 
within the European union, and international bodies, national authorities and waste operators have 
established individual waste classifications according to their sector of competence or 
responsibility (Penfold et al., 1996). In the UK, solid radioactive waste is generally classified 
under the following broad categOries, according to its heat generating capacity and activity content 
(Government White Paper, 1995b): 
* Very low-level wastes (VLLW) 
radioactive materials which can be safely disposed of with ordinary refuse (0.1 m3 of 
material containing less than 400 kBq of beta/gamma activity or single items containing 
less than 40 kBq of beta/garnma activity); I 
e Low-level wastes (LLW) 
radioactive materials other than those acceptable for disposal with ordinary refuse, but 
not exceeding 4 GBq/t of alpha or 12 GBq/t of beta/gamma activity; 
9 Intermediate-level wastes (ILW) 
materials with radioactivity levels exceeding the upper boundaries for low level wastes, 
but which do not require heating to be taken into account in the design of storage or 
disposal facilities; 
e High-level or beat-generating wastes (HLW) 
materials in which the temperature may rise significantly as a result of their 
radioactivity. 
This classification system differs from that recommended by the IAEA, for example, in that it does 
not take into account half-lives of radionuclides (Penfold et al., 1996). Information on 
radionuclide decay is important when categorising waste with respect to potential disposal routes, 
as both short-lived LLW and ILW may be disposed of to engineered shallow landfills while long- 
lived LLW and ILW require deep disposal. The IAEA therefore distinguishes between short- and 
long-lived wastes follows: 
Short-lived half-life of less than 30 years 
Long-lived half-life above 30 years 
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If this classification was applied to UK stocks of wastes, approximately 20-25 % of ILW would be 
regarded as short-lived (POST, 1997). Other factors of importance which neither system takes into 
account, include the implications of particular combinations of radionuclides, waste conditioning 
and packaging and the waste form itself. These issues are significant when establishing categories 
of waste for specific storage and disposal routes. The European Union has recommended further 
research in this area to establish a harmonised classification system which makes sure that there 
are no disparities in safety levels between various countries (Penfold et al., 1996). 
Many different options have been investigated for the storage and disposal of the various 
categories of solid radioactive wastes. These include: 
deep ocean disposal 
shallow burial in simple trenches 
engineered trench disposal 
deep or intermediate depth disposal in an existing mine or purpose built repository 
disposal in boreholes drilled into the bed of coastal seas. 
In the case of HLW, proposals have also been put forward for disposal by transport into outer 
space or by injection deep into the earth's crust, but these are not regarded as credible with the 
current state of technology (Penfold et al., 1996). In 1986, the UK Department of the Environment 
carried out a Best Practicable Environmental Option (BPEO) study of the alternative strategies 
listed above for storage and disposal of low- and intermediate-level wastes (DOE, 1986). In 
connection with this study, the NRPB (Smith et al., 1987) provided estimates of the radiological 
impact following disposal of a unit activity via different disposal options. The results were 
presented for a range of radionuclides commonly found in radioactive waste, and they were used in 
the DOE study in conjunction with waste inventory data to obtain a preliminary view of the 
relative radiological merits of the different disposal options. A multi-attribute decision analysis 
was carried out to compare the options, and four different sets of weighting factors for cost and 
radiological parameters were chosen to cover a range of perceived views extending from a strong 
desire to minimise costs to preferences to minimise risks, local impacts, or widespread 
environmental dispersion of radioactivity. Amongst others, the study concluded that the BPEO for 
most LLW and some short-lived ILW was near-surface disposal. For ILW, no economic or 
radiological preference could be made between deep cavity disposal or off-shore borehole 
disposal. The latter is no longer of interest, however, as off-shore disposal on or below the deep 
ocean bed is currently subject to an international moratorium under the terms of the London 
Convention of 1994 (IAEA, 1994). Hence the main options available for radioactive disposal are 
currently considered to be near-surface disposal and deep geologic disposal. 
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The latest UK national policy with regard to management of radioactive wastes was set out in a 
detailed review in 1995 (Government White Paper, 1995b). This document supports the continued 
disposal of LLW as it arises to existing sites at Drigg near Sellafield and Dounreay in Scotland and 
emphasises that authorisations may also be issued for the burial of some LLW at suitable landfill 
sites. The smaller waste producers are encouraged to make greater use of this latter option as this 
will relieve needless pressure on the disposal capacity at Drigg, in the future. Controlled burial 
like this can be used by non-nuclear industries which process raw materials containing natural 
radioactivity for example or by major hospitals and universities. The long term policy for ILW in 
the UK is deep disposal, and the responsibility for site-selection and the development of such a 
repository has been given to Nirex which was formed by the nuclear industry in 1982. In 1991, 
Nirex announced that it would concentrate its investigations on Gosforth in Cumbria, close to 
Sellafield, and that it intended to build a deep rock laboratory to test whether the geology of the 
site was satisfactory. The planning permission for the "Rock Characterisation Facility", however, 
was refused on both scientific and technical grounds in March 1997. This setback means that it 
will be impossible to find anywhere to dispose of nuclear waste in the UK for at least 30 years. 
Current policy for HLW or spent fuel is for long-term storage, but the Government favours the 
development of a repository for this waste in the future. A site-selection process for such a 
repository has not yet started. 
In addition to the waste categories discussed above, the Nuclear Fuel Cycle also gives rise to large 
quantities of solid radioactive waste in the form of mill tailings from the uranium resource 
extraction stage (see mass balance in Figure 4-2). A Select Committee of the European 
Communities, which was appointed in 1988 to analyse the present situation and prospects in the 
field of radioactive waste management in the European Community, pointed out that the activity of 
mill tailings would be within the range of LLW, and that potential hazards may arise from the 
solubility of residual uranium and radium, and from the emission of radon gas. Hence, due to the 
relatively high levels of radioactivity, the tailings are classified as radioactive wastes although they 
are natural products. Interestingly, this classification does not extend to other natural products, 
which may contain appreciable quantities of radioactive elements, for instance coal ash or 
phosphate fertilisers. The Select Committee (1988) also highlighted that the collective doses from 
mill tailings in the distant future (more than 1,000 years) may be more than those from wastes 
buried deep underground. Steps must therefore be taken to protect the workers to the same 
standards as elsewhere in the nuclear industry, and to protect the public at all times including after 
the closure of the mine. 
The radioactive waste management steps in this LCA are difficult to define as they are dependent 
on both government policy with regard to disposal facilities and length of intermediate storage, and 
91 
Chapter 4 Methodological Implementation 
commercial judgement on whether to reprocess or not. Based on the UK waste classification 
system and waste management policy discussed above, the following broad assumptions have been 
made in this thesis: 
* VLLW is disposed together with ordinary refuse to a Landfill site (not considered 
ftirther here); 
* LLW is directly disposed of to Drigg as it arises and mill tailings are disposed in tailing 
dams at the mine site; 
ILW is conditioned, stored for a short time and then disposed of to a deep repository; 
and 
* HLW (vitrified or spent fuel) is stored for 50 years and then disposed of to a deep 
repository. 
The disposal of mine tailings as well as disposal of the other radioactive waste categories are 
discussed in more detail below. 
4.5.1 Low-Level Waste 
About 90% of all radioactive waste is Low-level, and it comprises solids and liquids which may be 
slightly contaminated with traces of radioactive material. It includes clothing, air filters, chemical 
sludges from the treatment of low-level liquid, and ash from the burning of low-level combustible 
wastes. This waste may be divided into short-lived and long-lived according to the half-life of the 
radionuclides present. The long-lived waste should be disposed of together with the ILW, while 
the short-lived LLW will require containment for a limited time period only. The disposal system 
may therefore combine relatively simple engineered containment features at the surface or near the 
surface, and can rely on institutional control measures such as limitation of access to the disposal 
facility and monitoring of the surrounding environment. 
The modem parts of Drigg use near surface disposal in engineered vaults which provide a physical 
barrier between the waste and humans. It also provides a barrier against water and a chemical 
barrier which inhibits migration of radionuclides. Drigg continues to have the authorisation to CP 
accept short-lived LLW and it is assumed that all such waste reported in this study is disposed of 
at Drigg as soon as it arises. 
4.5.2 Mining wastes 
Tailings from the milling operations contain approximately 99% of the mass originally present in 
the ore, and arise when the ore is crushed and leached with acid or carbonate to give soluble 
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compounds of uranium that can be further purified. The tailings therefore contain various 
chemicals from the extraction processes, toxic pollutants that are indigenous to certain ores, heavy 
metals such as lead, barium, selenium, molybdenum and vanadium, and precipitates from 
neutralisation of acids and treatment of process liquids. The process chemicals and the 
precipitates can significantly contribute to the volume and weight of waste generated, and the 
various contaminants and toxic chemicals constitute a potential environmental hazard that must be 
controlled. In addition the tailings contain about 85% of the original radioactivity in the ore due to 
the presence of low concentrations of naturally occurring radioactive materials such as Uranium- 
235 (U-235), Thorium-230 (Th-230) and Radium-226 (Ra-226). 
The mill tailings can be dealt with in several ways, but the most common option is subaerial 
impoundments on land (see Appendix A). The various engineering designs for tailings 
impoundments are made to provide secure retention of the tailings materials and to restrict releases 
of radionuclides and other contaminants to the environment in a similar manner to a LLW disposal 
site. The main difference is that modem LLW disposal facilities have introduced waste 
compaction, grouting and concrete-lined vaults to contain the waste, while the engineered tailing 
dams rely on natural barriers. This means that their design and performance depend on local 
conditions. For example, the tailings dam at R6ssing is divided into small paddocks which are 
used in turn to reduce the surface area and the potential loss of water. At Ranger, however, the 
tailings dam is much larger and act as an evaporation pond during the dry season to get rid of 
excess water from the wet season. Due to this site dependency, it is difficult to define an average 
waste management strategy, and the disposal of mill tailings must therefore be considered in site- 
specific facilities close to the mine site. 
4.5.3 Intermediate-Level Waste 
The Intermediate-level waste consists of solid and liquid materials from nuclear power stations, the 
radioisotope industry, fuel reprocessing and defence establishments. At the moment all ILW 
arising in the UK Nuclear Fuel Cycle is stored awaiting a final repository. In contrast to HLW 
which is heat generating (see below), there is no technical advantage to be gained from delaying 
disposal of long lived ILW (Beale, 1993), and in 1982 the government set up Nirex to select a dual 
purpose deep facility which will take both short and long lived ILW. Some LLW is also destined 
for this repository because its comparatively high alpha-emitting content makes it inappropriate for 
disposal at Drigg (Government white paper, 1995b). 
The repository design preferred by Nirex, which did not receive planning permission in 1997, 
would have located all the waste receipt facilities on the existing BNFL Sellafield site and 
connected the repository to the existing British Rail line by a new spur. The waste was then to be 
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conveyed to the disposal chamber, half a mile underground, via sloping spiral tunnels. After an 
operating life of about 50 years the access tunnels would be sealed such that long-term safety 
would not depend on continuing human involvement. Despite the current controversy with respect 
to this repository, it is assumed in this LCA that the waste receipt facility will be located at 
Sellafield as suggested by Nirex to be able to include transport of ILW. According to Nirex, the 
earliest a repository would be available to receive waste if the planning permission had been 
granted would be 2010. It is therefore assumed in this assessment that the ILW is stored for 
approximately 13 years and that it is subsequently disposed of in a repository near Sellafield. 
4.5.4 High-Level Waste and Spent fuel 
The last category, High-level waste, is concentrated waste that is produced when spent nuclear fiiel 
is reprocessed. It contains more than 95% of the total radioactivity which results from the nuclear 
industry's waste products and is currently converted into glass cylinders to make it safer and easier 
to manage. The Government's policy is that the vitrified waste shall be stored for at least 50 years 
to allow the short-lived radionuclides to decay and heat generation to reduce, without any 
decisions being taken about how the waste shall be managed after that period (Government white 
paper, 1995b). It is the Government's view, however, that disposal of HLW to geological 
formations on land, once the waste has been allowed to cool, is the most favourable option for the 
long term. Spent fuel is subject to similar heat decay as HLW and should therefore remain stored 
for similar periods, if it is not reprocessed. It can be disposed in a similar way to vitrified HLW, 
except that the repository design will need to take account of the risk of a criticality incident. It is 
currently the Government's policy that the question of whether to reprocess and if so when, should 
be a matter for the commercial judgement of the owner of the spent fuel. In accordance with IAEA 
and Euratorn definitions, spent fuel should not be categorised as waste as long as the option of 
reprocessing remains open and a future use for the fuel can be foreseen. The DoE will be initiating 
work on a research strategy for the disposal of HLW and spent fuel. This will be carried forward 
as a separate project to the deep geological disposal of ILW. Meanwhile, experience to date 
suggests that Zircaloy-clad water reactor spent fuel can be stored safely for at least 50 years 
(IAEA, 1992b). In this LCA, it is assumed that the vitrified HLW and/or the spent fuel (if open 
fuel cycle is examined) are stored and cooled for 50 years before disposal to a deep repository. 
During the statutory storage period, it is assumed that no release of radionuclides occurs. 
4.6 Electricity 
Electricity for the sites in the fuel cycle is supplied from the background system, mainly through 
the UK national grid. The sites which are not supplied from the grid are: 
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9 the mining sites (supplied by national mixes), 
9 Sellafield (supplied by Calder Hall and a CHP plant), and 
9 Sizewell B (supplied by own generation). 
Data from the inventory on energy systems by ETH & PSI (1994) may be used to describe the 
national grid and the individual electricity sources in the background system. This inventory was 
reviewed in Chapter 2. The system boundaries include the main production sequence from the 
extraction of raw materials up to and including the generation of electricity, and the manufacture 
and maintenance of capital equipment for the energy generation stages. The general UK mix ID 
which is used in the software PEMS 3 database is shown in Table 4-5. 
Table 4-5 United Kingdom fuel mix (Pira, 1995) 
Nuclear Hydro Hard Coal Oil Gas Other 
UK (%) 24.1 2.0 62.2 8.5 2.7 0.4 
Data on some of these fuel cycles is limited and the environmental burdens from for example 
radioactive solid waste and radionuclide emissions to the environment are not considered. This 
represents the best publicly available information, however, for use in the background system. 
The electricity consumption at each individual site considered in this LCA is summarised in Table 
4-6 and the calculations for each site are included in Appendix B. There will be some uncertainty 
associated with these values as it has been difficult to get reliable electricity consumption data for 
the various sites, and some of the site consumption values may take into account ancillary services 
such as waste treatment, while others do not. The power consumption data has therefore been 
compared with data reported in the ETH and PSI inventory, Table 4-7, to get an indication of 
whether they are within a suitable range (se Appendix B for calculations). 
Table 4-6 Electricity consumption for each site in the Nuclear Fuel Cycle 
Facility Site Electricity Source Consumption per Consumption per 
year functional unit 
(MWh/yr) (kWh/TJ) 
Mining/Milling R6ssin(', Hydro/Coal 154,000 530 
Mining/Milling Ranger Diesel generators 50,485 150 
Fuel manufacturing Springfields UK mix 105,879 117 
Enrichment Capenhurst UK mix 120,107 450 
LReprocessing Sellafield Nuclear/CHP 140,160 100 
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Table 4-7 Electricity consumption data reported in ETH & PSI inventory (1996) 
TJ/kgU kWh/TJ 
Lower 1 Upper 2 Lower Upper 
Mining/Milling 3.9E-05 9.2E-05 76 179 
3 Fuel Manufacturing LIE-04 3.8E-04 83 157 
Enrichment 1.8E-04 3.6E-04 197 394 
[Reprocessing 2.6E-04 9AE-04 1 63 227 
iNotes: - Lowest value reported 
2 Highest value reported 
3 Includes values for uranium conversion 
Most of the electricity consumption data for the various sites are within the ranges reported in 
other studies. The exception is the enrichment stage which has slightly higher electricity 
consumption in this study compared to estimates in other studies. The electricity consumption for 
the power reactor is approximately 6% of the production values (see Appendix B). This is not 
reported in the tables above as a net exported electricity value has been used when developing the 
inventory for this stage, i. e. the burdens associated with the electricity consumed are inherently 
included in the overall mass balance. The largest electricity consumption is at R6ssing, and the 
value is much higher than at Ranger due to difference in scale of the two operations: the ore grade 
at R6ssing is ten times lower than at Ranger and the amount of ore processed is correspondingly 
large. Another difference between the two sites is that R6ssing makes use of electric pantographs 
for their vehicles entering and exiting the mine pit. These were installed in the early eighties as a 
result of increasing fuel costs. The vehicles consume approximately 17% of the electricity 
supplied to the site (see Appendix B). 
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4.7 Transport 
In addition to the primary process data, transport data will have to be collected for materials 
entering and leaving the plants. The following map, Figure 4-6, shows the UK sites in relation to 
each other. 
Ar 
I 
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I 
Figure 4-6 Location of relevant sites in the United Kingdom 
rocessingo, Sellafield 
Fuel Production, Spring-fields 
Enrichment, Capenhurst 
Power Production, Sizewell B 
Transport of radioactive materials associated with the Nuclear Fuel Cycle in the UK, may be 
or 
grouped into the 
following categories (Gelder, 1991): 
9 Non-irradiated materials (uranium ore or yellowcake, natural and enriched UF6, and 
new fuel assemblies) 
Irradiated materials (spent nuclear fuel, reprocessed uranium oxide). 
Nk'aste materials (LLW, ILW and HLW production and reprocessing wastes, and 
decommissioning wastes) 
These materials are transported between various sites in the UK, and a schematic overview is 
shown in Figure 4-7. 
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Figure 4-7 Transport of radioactive materials in the UK 
4.7.1 Non-irradiated materials 
The non-irradiated materials include uranium ore, uranium hexafluoride and new fuel assemblies 
These are materials which are not active but which have the potential to become fissile and active. 
According to the NRPB (Gelder, 1991), there are approximately 2100 annual movements of non- 
irradiated materials in the UK, and two-thirds of these travel by road. All shipments of Uranium 
Ore Concentrate (UOC) to the UK use conventional Deep Sea Freight Services, and the ore is 
transported to Springfields near Preston for further processing using a combination of Rail Freight 
and Road Haulage. Uranium hexafluoride is transported in either a natural or enriched form: 
natural uranium hexafluoride (UF6) is sent from the fuel manufacturing site at Springfields to 
enrichment at Urenco's plant at Capenhurst near Chester and the enriched material is returned to 
Springfields for final conversion to oxide fuels. The PWR fuel assemblies manufactured at 
Springfields for Sizewell B, are packed into overpacks which are loaded on to specially designed 
semi-trailers. Further information on the transport of these materials is given in Volume 2 of this 
thesis. The amounts of materials transported per TJ of electricity have been calculated in 
Appendix B, section B-1, and are listed in Table 4-10. 
4.7.2 Irradiated materials 
The category for irradiated materials includes spent nuclear fuel transported from the reactor to 
reprocessing at Sellafield, and reprocessed uranium oxide sent to the enrichment plant for reuse in 
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new fuel. In 1989, there were 832 spent fuel flasks transported within the UK (Gelder, 1991). 
Approximately 14% of these arrived from Japan and mainland Europe by ship using the ports of 
Barrow, Harwich, Dover or Hull, and were then transported by rail-link to the reprocessing site at 
Sellafield. Road transport to Sellafield was ceased in 1978 due to unsuitability of access roads in 
the County of Cumbria, and transport of spent fuel flasks from reactors in the UK is mainly by rail. 
At a number of nuclear power stations, the railhead is remote from the plant and the rail journey is 
preceded by a short road journey with a single flask loaded onto a low-loader vehicle trailer unit. 
Spent fuel is despatched from Magnox & AGR reactors weekly and approximately 2-3 times per 
year from PWR and BWR reactors. Once the spent nuclear fuel is delivered to Sellafield, the 
discharged flasks are returned to the reactor sites ready for the next batch of spent nuclear fuel. 
The spent fuel transport flasks used for transport to Sellafield are of the wet type and there are two 
designs, the Magnox flask for transport of gas reactor fuel and Excellox type flask for LWR fuel 
(Middleton et al., 1989). The Excellox flask is capable of transporting a maximum of 7 PWR fuel 
assemblies (Technica, 1984). It consists of a hollow cylindrical body with circumferential external 
fins and welded-on base. A hollow cylindrical lead liner with a steel shell is fitted inside the flask, 
and a steel Multi-Element Bottle (MEB) fits into the cavity. Both the MEB and the flask space are 
partly filled with water. The MEB bottle contains inserts of an aluminium/boron alloy, known as 
Boral, which is an effective neutron absorbing material (Technica, 1984). It also prevents any 
G'crud" (metallic oxide from the reactor circuit) that has deposited upon the surface of the fuel rods, 
from accumulating in the bottom of the flask and the internal orifices (Middleton et al., 1989). 
The principal requirements of the spent fuel transport flasks are (Middleton et al., 1989): 
Radiation shielding: reduce levels of radiation external to the flask. 
Sub-criticality: the material of the fuel support frame and the organisation of the fuel must 
be such that it maintains sub-critical conditions. 
Containment: leak-tightness to contain gaseous and particulate radioactive substances. 
Heat transfer: keep temperatures of the fuel and flask sufficiently low. 
Design: the flasks must withstand the test requirements set out by the IAEA. 
One of the products of reprocessing spent fuel is uranium oxide which can be reused in new fuel. 
This is transported by road to the fuel manufacturing plant where it is stockpiled for future use. 
According to a review by the NRPB in 1991,1800 tonnes Of U03 had so far been moved using 119 
recorded journeys by road. In this LCA, it is assumed that all the reprocessed uranium is 
transported from the reprocessing site at Sellafield to the fuel manufacturing site at Springfields. 
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The amounts of spent fuel and reprocessed uranium transported per TJ of electricity have been 
calculated in Appendix B, section B-1, and are listed in Table 4-11. 
4.73 Waste materials 
The final transport category is waste materials such as Low Level Waste (LLW), Intermediate 
Level Waste (ILW) and High Level Waste (HLW). Of the different categories of solid radioactive 
waste arising from the operation of the civil nuclear industry only LLW is at present routinely 
transported from its site of origin. Any ILW or HLW is stored at the site where it arises as no 
permanent storage facility is available (ACTRAM, 1988a). In order to include the transport of 
these materials and the potential burdens arising from their disposal, assumptions have been made 
in this LCA with regard to permanent disposal facilities. This was discussed in Section 4.5. 
Transport calculations presented here assume that the repository sites will be situated near 
Sellafield in Cumbria. The volumes of operational waste for transport from the different nuclear 
facilities which are reported in this Section are taken from the "1994 United Kingdom Waste 
Inventory" (Nirex, 1996). This inventory includes data on existing radioactive waste stocks as 
well as forecasts on future arisings. It also provides detailed information on the radionuclide 
content and physical and chemical characteristics of the wastes. Data from this inventory is 
particularly useful when looking at the transport of wastes as it takes into consideration volume 
reduction measures taken at the site where the waste arises or at the central depot before the waste 
is disposed. Most waste is conditioned in some way before it is transported and this is described 
below for each individual waste category. It is therefore important to note that the amount of 
waste transported from the various sites per TJ of electricity does not reflect the total arising of 
waste at the site per TJ as different treatment techniques will have been taken into account when 
reporting the data. 
4.73.1 LowLevel Waste 
The Drigg disposal site in Cumbria is the main disposal site in the UK for LLW, and the largest 
individual source of this waste (over 50%) is BNFL's Sellafield works which is situated 
approximately 6 krn from the site. Waste from Sellafield is transported by train while LLW from 
most other sources arrives by road. The rail connection between the reprocessing site and the 
disposal site opened in 1983, and has an annual carrying capacity of 30,000 m3 (Gelder, 1991). 
The following amounts of LLW material were sent to Drig, by rail and road in 1989 (Table 4-8): 
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Table 4-8 LLW material sent to Drigg in 1989 (Gelder, 1991) 
Mode No. of journeys Volume (M) 
Rail 275 24,800 
Road 330 7,323 
The waste transported by rail includes waste from the reprocessing plant and the decommissioning 
of the Windscale AGF, Windscale RI and the Berkeley nuclear power station. Movements by 
road cover material arising from the Nuclear Fuel Cycle as well as from the use of radionuclides in 
medicine, industry and research. Approximately 35% of this volume originates from power 
reactor sites and other processing sites in the Nuclear Fuel Cycle. 
Most of the LLW is routinely treated as it arises by one or more processes such as sorting, size 
reduction, incineration and in-drum compaction. The volumes of wastes recorded in the Nirex 
inventory reflect such treatment which is normally carried out on the site. The waste is 
accumulated in 200 litre drums which are normally transported to a central high-force compaction 
facility (WAMAC) at Sellafield, Dounreay or Winfrith. The supercompacted drums are loaded 
into ISO containers which are transported to the LLW disposal site at Drigg in Cumbria. At Drigg, 
the waste is immobilised with a cement-based matrix within the containers. This overall procedure 
gives a reduction of a factor of up to six in the volume of drummed compactable LLW. It is 
assumed in this thesis that alILLW arising at sites in the UK is transported to the WAMAC facility 
at Sellafield, before it is sent to Drigg for disposal. The LLW is required to be packed in drums 
placed in full-height freight containers of 38.25 M3 capacity or in half-freight containers of 18 m3 
capacity. A transport package generally consists of a freight container, holding up to 90 drums of 
waste, and weighing 16-23 tonnes (Gelder, 1991). 
At Sizewell B, approximately 43 M3 of LLW will be generated each year (Nirex, 1996). This 
waste is sorted into combustible and non-combustible. The first category is incinerated, while the 
second is shredded or compacted. The volume of waste noted above takes into consideration these 
volume reduction measures. In this thesis it is assumed that all of this waste is packed in 200 litre 
drums and transported to Sellafield for further conditioning before disposal at Drigg, and the 
amount of LLW transported per functional unit is 0.9 kg/TJ (See Appendix B, section B-3). In the 
case of the fuel manufacturing site at Springfields, 24.8 in 3 of operational LLW is generated 
mainly by the New Oxide Fuel Complex (Nirex, 1996). It is assumed that this waste is packed in 
200 litre drums and transported to Sellafield for high-force compaction. The amount of LLW 
transported from Springfield per functional unit is found to be 0.07 kg/TJ (See Appendix B, 
section B-3). 
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According to the Radioactive Waste Inventory (Nirex, 1996), the annual Low Level Waste arising 
in the first 5 years of THORP (1995-1999) is 20,650 m3. Assuming that this is uniformly 
distributed over the time period and taking into consideration the compaction at the Waste 
Monitoring and Compaction facility (WAMAC), this is approximately 1652 in 3 /year of waste 
which is transported by rail to Drigg. It is forecast that the THORP throughput is made up of 
approximately 1/3 AGR fuel and 2/3 LWR fuel. If it is assumed that the LWR fuel is mainly from 
Pressurised Water Reactors, the amount of waste arising from the reprocessing of PWR fuel is 
1101 in 3 /year. This is equivalent to approximately 5.5 kg/TJ of LLW transported to Drigg (See 
Appendix B, section B-3). 
4.7.3.2 Intermediate Level Waste 
United Kingdom Nirex Ltd (Nirex) has the responsibility of carrying out the national strategy for a 
future repository for solid Intermediate Level Waste (ILW). A key part of this is the development 
of the transport system that will be needed to move the wastes. According to Nirex (1991) the 
main waste packages for ILW are going to be a 500 litre steel drum and a3 rn 3 steel box for larger 
items. The waste will be immobilised in these packages using cement, and transported in re-usable 
shielded transport containers. The final design of these containers has not yet been selected, but 
they will be able to carry four 500 litre drums or one 3m3 box. 
As discussed in Section 4.5, it is assumed in this thesis that the deep repository for ILW is situated 
near Sellafield in Cumbria. The annual arisings of operational ILW at Sizewell is 14.6 in 3. This is 
filled in 500 L drums and encapsulated using cement (Nuclear Electric, 1996). The volume of 
waste after conditioning is approximately 30.4 in 3 or 61 drums (500 L) of waste per annum. This 
equates to approximately 2.9 kg/TJ (See Appendix B, section B-3). In the case of the BNFL 
Springfield site, the annual arising of ILW is 13.4 M3 (Nirex, 1996). This only includes operational 
waste from the New Oxide Fuel Complex which manufacture the AGR and PWR fuel rods. A 
breakdown for the rest of the site has been difficult to obtain. If it is assumed that the waste is 
conditioned on site, the total volume accumulated in one year is 33.5 m3 or 67 waste drums (500 
litre). The amount of waste transported per functional unit is 0.06 kg/TJ (See Appendix B, section 
B-3). 
At the reprocessing site at Sellafield, the annual arising of conditioned ILW from reprocessing of 
PWR fuel at THORP is 383 m3. This is packed in 500 litre drums and will most likely be 
transported by train to the proposed repository. The amount of waste transported per functional 
unit is 1.9 kg/Tj (See Appendix B, section B-3). 
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4.7.3.3 High Level Waste 
HLW is produced from the reprocessing of irradiated nuclear fuel at Sellafield. It is produced as a 
concentrated aqueous residue which is vitrified and stored for a minimum of 50 years before 
disposal. The predicted annual arisings of HLW in the first 5 years of THORP operation (1995- 
1999) is 4.8 M3. Similarly to LLW, approximately 2/3 of this is allocated to the reprocessing of 
PWR fuel and the amount of HLW waste transported per functional unit is found to be 0.0032 
kg/TJ (See Appendix B). 
4.7.4 Transport modes and transport routes 
All national and international regulations concerning the safe transport of radioactive materials to, 
from or within the UK reflect regulations recommended by the IAEA. The main requirements 
focus on the design and construction of the physical packaging. This is to reduce the dependence 
on operational safety due to the possibility of human errors. The LAEA regulations prescribe test 
conditions which the package designs have to comply with, and the packages must be labelled 
according to their external radiation levels and potential nuclear criticality (ACTRAM, 1988b). 
Most consignments in the nuclear industry are transported in freight containers whether by road, 
rail or sea. Freight containers, constructed of sheet steel, are standard size international packages, 
2.5 m square in section, either 6 or 12 m long, and capable of carrying 20 or 40 tonne loads. Under 
the UK regulations for Road Transport, no individual haulage unit is allowed to exceed a gross 
weight of 38 tonnes unless the haulage operation is delivering to a rail head for onward transport 
by rail (BNFL, 1996). 
In the transport of spent fuel, the development of transport flasks in the range of 60 to 102 tonnes 
has been necessary. This is the result of higher and more economical payload, higher fuel bum-up 
and decay heat. Special purpose rail wagons have been designed to transport the heaviest of 
modem flasks and these have become the main mode of land transport. The rail wagons may 
include a locked canopy covering over the flask and it is normally attached to a normal freight 
train. It is therefore approved to travel at speeds of up to 100 kilometres per hour. The standard 
wagons are usually designed to weigh a maximum of either 90 or 102 tonnes (including 60-70 
tonnes of payload). Total weight can be increased however, by multiplying the number of axles 
and making sure that the total axle load of 25.5 tonnes is not exceeded. BNFL operate a small 
fleet of 8 axle well wagons for transporting specialised flasks. These are more than 25 m long, 
weigh 58 tonnes empty and can carry loads of up to 102 tonnes, to a total weight of 160 tonnes 
(Braybrook et al., 1989). 
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Table 4-10 and Table 4-11 summarise the transport data required to assess the production of I Tj 
electricity in this study. The actual route that the materials travel is kept confidential, and is only 
specified to the UK Force Security Personnel. The vehicle routing is also changed on a regular 
basis, but major roads and motorways are normally used to avoid any discomfort to the public at 
large (BNFL, 1996). In Table 4-10 the distance between two sites is found using the software 
Autoroute using the criteria of maximised use of motorways and A-roads. The means of transport 
for each material and the actual load (including packaging) of the vehicles are used to find the 
burdens associated with each journey. These are then sized according to the load per functional 
unit and allocated to the system. The detailed data required for these calculations are given in 
Volume 2 of this thesis. The impacts of each individual transport step are found using publicly 
available data such as that listed in Table 4-9. 
Table 4-9 Environmental burdens from transport by lorry (Tillman, 1994) 
S02 
Dust 
Oil (aq) 
fenol 
N 
Unit 
MJ/ton km 
g/ton km 
g/ton kin 
g/ton km 
g/ton km 
g/ton km 
g/ton km 
g/ton km 
g/ton km 
g/ton km 
g/ un km 
Transport by lorry 
40-50 tonne 
0.97 
0.099 
0.814 
0.3101 
70 
0.088 
0.0905 
0.0004 
6. OOE-06 
0.001 
0.0002 
Transport by lorry 
24 tonne 
1.81 
0.174 
1.534 
0.5801 
129 
0.158 
0.1705 
0.0004 
6. OOE-06 
0.001 
0.0002 
Transport by lorry 
14 tonne 
2.35 
0.224 
1.984 
0.7501 
165 
0.208 
0.2205 
0.0004 
6. OOE-06 
0.001 
0.0002 
Table 4-10 Transport data for non-irradiated materials 
From To Type Transport Approximate (kg/TJ)2 
mode distance' (km) 
e. g. Liverpool Preston U308 road and 64 8.25 
(shippingport) (Springfields) rai13 
Preston Chester UF6 road 94 1 10.32 
(Springfields) (Capenhurst) (natural) 
Chester Preston UF6 road 94 1.29 
(Capenhurst) (Springfields) (enriched) 
Chester Preston UF6 road 94 9.03 
(Capenhurst) (Springfields) (Depleted tails) 
Preston Aldeburgh U road 480 0.87 
(Springlields) (Sizewell) (Fuel) 
. ZOurce: A utoroute Plus V2.01 
2 See Append= Bfor calculations I Assume 213 road & 1/3 rail (Gelder, 1991) 
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Table 4-11 Transport data for irradiated materials and waste materials 
From To Type Transport Approximate (kg/Tj) 2 
mode distance' (km) 
Aldeburgh Seascale u road and 630 0.82 
(Sizewell) (Sellafield) (Spentfuel) rail 
Seascale Preston U03 road 146 1.09 
(Sellafleld) (Springfields) (Reprocessed) 
Aldeburgh Seascale LLW road 630 0.94 
(Sizewell) (Drigg) 
Preston Seascale LLW road 146 0.07 
(Springfields) (Drigg) 
Seascale Seascale LLW rail 6 5.50 
(Sellafield) (Driggg) 
Aldeburgh Seascale ILW road 630 2.89 
(Sizewell) (repository) 
Preston Seascale ILW road 146 0.06 
(Springfields) (repository)) 
Seascale Seascale ILW rail 6 1.90 
(Sellafteld) (repository) 
-- Seascale 
[ 
Seascale HLW rail 6 0.0032 
(SelIqrfleld) (repository) 
J Source: Autoroute Plus V2.01 
2 SeeAppendix Bfor calculations 
3 Assume 213 road & 113 rail (Gelder, 1991) 
4.7.5 Radiation Exposure 
The National Radiological Protection Board has presented an assessment of the radiation doses to 
transport workers and members of the public from the normal transport of radioactive materials 
within the UK (Gelder, 1991). The report concludes that most transport workers in the nuclear 
industry only receive doses at the minimum level detectable by some monitoring devices, i. e. 0.1 
mSv per month or per quarter. Where doses exceed the minimum detectable value, most of the 
exposure arises from other duties on the various nuclear sites (Gelder, 1991). The total collective 
dose to all transport workers involved in the carriage of radioactive materials by road and rail 
within the UK was found to be 0.410 man Sv in 1989. Approximately 89% of this dose was due to 
transport of radionuclides for technetium generators and transport in the nuclear industry was only 
responsible for 7.5%. The total collective dose to the public was found to be 0.053 man Sv in 
1989, and the highest proportion of this arose from members of the public in cars overtaking road 
transport vehicles carrying radioactive material. 
The impact of accidental releases during transport of irradiated PWR fuel through Greater London 
has been assessed by the National Radiological Protection Board (Shaw et al, 1983 & Mairs et al, 
1984) as part of an overall assessment carried out by Technica (1984) for the Sizewell 'B' public 
inquiry. The report analyses a range of consequences resulting from various hypothetical accident 
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scenarios. The assessment does not consider the likelihood of such accidents and releases and no 
account is taken of the effects of countermeasures. It is shown that for most meteorological 
conditions individual risks are very small except for those people very close to the release. The 
average number of fatal cancers is of the order of a few to a few tens and the majority of these 
would arise from low levels of individual risk to large numbers of people. Estimates of the 
individual risk of fatal cancer as a function of distance from the postulated release were given. 
Only one of the releases analysed was predicted to lead to the incidence of early effects in the 
exposed population and the health impact of the other releases was limited to the incidence of late 
health effects (i. e. mainly cancer and hereditary effects). 
This thesis will only account for radiation exposure from routine transport and does not assess 
hypothetical accidents. The possibility of including accidents in LCA was discussed in Chapter 2. 
A large amount of information is required and the uncertainty of the risk values would be great as 
there is limited experience from actual radioactive transport accidents available. The IAEA 
recommend a dose rate limit for transport of no more than 0.1 mSv/h at Im distance, and no more 
than 2 mSv/h at the surface of the transportation package (IAEA, 1990). These dose rates are 
applicable to all waste types and may be used to approximate dose rates at other distances from 
radioactive waste packages as follows: 
D= RImTP 
................................................................................................... 
(4-1) 
X2 
D annual dose from waste handling (Sv/y) 
Rim maximum dose rate from waste package at I in (I * 10-4 Sv/h) 
x distance to exposed individual/s (m) 
T time of exposure (h/y) 
P number of individuals exposed 
In a report by the NRPB (Titley et al., 1996), the annual doses for various workers and the public 
have been calculated using the information above. The dose per year per kg of waste was found by 
dividing the annual dose from waste handling (D) by the mass of waste per package. This 
information, which is summarised in Table 4-12, will be used in this LCA to calculate the doses 
received from the amount of waste transported per TJ of electricity (Table 4-10 and Table 4-11). 
The resulting doses per TJ of electricity can be used to determine the risk to human health as 
proposed in Chapter S. 
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Table 4-12 Doses from transport of radioactive wastes (Titley et al., 1996) 
Individual doses (Sv/kg of waste) 
LLW ILW HLW 
Personnel 
Road transit 6.35 10-10 4.78 10-9 2.1110-8 
Rail transit 6.35 10-10 4.78 10-9 2.11 10-8 
Loading (Road & Rail) 1.19 10-01 1.58 10-8 2.03 10-8 
Public 
Road transit 2.54 10-13 1.91 10-11 8.45 10-12 
Rail transit 6.35 10-14 4.78 10-13 2.11 10-12 
4.8 Impact Assessment framework 
One of the main shortcomings in LCA when applied to the Nuclear Fuel Cycle is that there are no 
established methodology to assess radiological burdens arising from the different facilities. 
Chapter 3 discussed this in more detail and presented the methodologies that have recently been 
proposed. There are several limitations with these, however, as they make use of occupational 
exposure limits, do not address the problem of solid waste and make no reference to the potential 
effects on the environment. This thesis therefore proposes two categories, Human Irradiation and 
Environmental Irradiation, which will make it possible to assess these burdens. The development 
of these categories is described in Chapters 5 and 6 respectively and only an introduction to the 
framework will be given here. 
Radiological burdens arise from solid waste as well as direct discharges to air and water. Burdens 
will reach the environment in different ways depending on the source, and it is necessary to 
classify these burdens at the inventory stage according to type of emission in the case of direct 
discharges and disposal route in the case of solid waste. Hence the following categories are 
generated in the inventory: 
Solid Waste Direct Discharges 
LLW Water 
ILW Air 
HLW 
Once classified in the inventory stage, the contribution to the two proposed impact categories must 
be found using fate and effect calculations as discussed in Chapter 3. This is illustrated in Figure 
4-1. 
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............................................................................................................... 
Figure 4-1 Schematic diagram of Impact Assessment methodology for radiological burdens 
This framework is compatible with the standard characterisation methods in Life Cycle Impact 
Assessment described in Chapter 3. It is based on characterisation factors which include both fate 
information and effect information, and which expresses the potential contribution to the two 
categories per quantity of radionuclides emitted. The fate component determines the final 
concentration of radionuclides in the various environmental media and will be the same for both 
categories. The fate calculations will be described in Chapter 5 and Appendix C. The effect 
component will be different for the two impact categories. It is proposed in this thesis that the 
Human Irradiation group use a risk based dose-response relationship, while for the Environmental 
Irradiation group the potential pollution of the environment should be assessed using so-called 
Environmental Indicators. The development of these effect factors is described in more detail in 
Chapters 5 and 6. The final contribution to the Human Irradiation category is measured as the 
potential risk of an adverse human health impact, and the contribution to the Environmental 
Irradiation category as the potential for polluting the environment. 
4.9 Summary 
This chapter describes in detail how the Life Cycle Assessment methodology covered in Chapter 3 
has been implemented to develop a model of the Nuclear Fuel Cycle. It introduces the sites 
considered and the inventory analysis for these which is included in Volume 2 of this thesis. 
Certain aspects such as transport and electricity consumption are covered in more detail and 
inventory comparisons have been made between the different sites for these issues. In addition, 
the chapter discusses two life cycle stages, mining and radioactive solid waste management, in 
more detail as the assessment of these presents a novel contribution to LCA. Environmental 
interventions associated with resource extraction stages such as uranium mining are particularly 
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difficult to define due to their site-dependency and these stages are often poorly assessed in the 
Impact Assessment phase of LCA. Solid waste management as a process is often ignored in LCA, 
and the waste is normally summed up as a quantity in the Impact Assessment phase without taking 
into account the potential long-term impact it may have. This thesis proposes a new 
characterisation methodology in Chapter 5 which will take this into account. Radiological impacts 
are not considered at all in current LCA studies and the next two chapters in this thesis are devoted 
to the methodology proposed in this thesis. Environmental interventions from both direct 
discharges and solid waste will be taken into account, and the potential effects on human health as 
well as on non-human biota are considered. 
109 
Chapter 5 
Radiological Impacts on Human Health 
5.1 Introduction 
In the routine operation of the Nuclear Fuel Cycle, environmental releases of radionuclides occur 
as process emissions in the form of liquid and gaseous discharges or arise over time from 
radioactive solid waste. In order to apply Life Cycle Assessment (LCA) to the Nuclear Fuel Cycle, 
a framework needs to be developed to deal with these environmental burdens, which are currently 
omitted from the phase of LCA called Impact Assessment (See Chapter 3). Up to now, 
radiological burdens have only been recognised in the inventory phase, where emissions have been 
aggregated in terms of 'bequerels'. This has had an effect on all LCA studies carried out as 
nuclear electricity is not properly assessed in comparison to other energy types. Despite this, few 
references have been made to this short-coming in LCA Impact Assessment. Some provisional 
methods are discussed in Chapter 3, but these concentrate on direct discharges and regulatory 
limits for occupational exposure and do not constitute a general framework which can be applied 
to all radiological burdens in LCA. As distinct from direct emissions, it is also necessary to find a 
way of assessing the potential burdens arising from the solid waste. These have traditionally been 
given little attention in LCA and have often been excluded from the Impact Assessment phase (See 
Chapter 3). It is now generally recognised, however, that the inputs and outputs to, solid waste 
management sites should be included in the inventory phase rather than just noting the total 
amount of solid waste arising in the system (IVL, 1995). 
This thesis proposes a new framework to assess both direct emissions of radionuclides and solid 
radioactive waste in the Impact Assessment phase in LCA. In order to classify the radioactive 
burdens, two new impact categories; "Human Irradiation" and "Environmental Irradiation", have C) 
been developed. Human Irradiation, which is discussed in this Chapter, cover potential 
radiological impacts on human health, while Environmental Irradiation refers to the ecological 
effects of radionuclide emissions (Solberg-Johanscn et al., 1997) and is further discussed in 
Chapter 6. Individual radionuclides may contribute to both categories, and fate analysis is used to 
determine the exposure of both target systems, i. e. human populations and ecosystems 
respectively. In these calculations, direct discharges to the environment which are known to occur 
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at a constant rate will have to be treated differently to emissions from solid waste. This is because 
the potential impacts associated with radioactive solid waste disposal depend on the events and 
processes which could cause a release of radionuclides into the biosphere or influence the rate of 
release or the rate of transport of radionuclides through the environment'. Some of these events 
are certain to occur, while others have constant or time-varying probabilities of occurrence. This 
situation is different in the case of routine discharges of gaseous and liquid effluents, where it is 
certain that radionuclides will be released into the biosphere at a known rate and one need only 
consider transport models and probabilities of exposure following the release. These 
characteristics are illustrated in Figure 5- 1, below: 
Radioactive Solid Direct Discharges Waste 
: ýj 
Probability of intrusion or 
change ofgeosphere and 
biosphere characteristics 
Dispersion in the Dispersion in the 
onroent envir environment 
Movement of Movement of 
radionuclides through radionuclides through 
food chain to man food chain to man 
00 
Probability ofhuman Prob ability ofhuman 
exposure exposure 
Potential hun-an Potential hurnan 
irnpact due to finpact due to 
inhalation, ingestion inhalation, ingestion 
or external exposure or external exposure 
Figure 5-1 Modelling of direct discharges and solid radioactive waste 
The potential releases from solid waste depend on the future state of the disposal site and need to 
be assessed as probabilities of future emissions. This requires a different approach from that 
conventionally taken in LCA as the Inventory phase is normally deterministic and based on 
releases to the environment during routine operation. As a result, it is necessary to build the 
characterisation method on principles of Risk Assessment which considers the probability of an 
event and the probability of exposure quantitatively. This is in line with the recent 
recommendations by the International Committee for Radiological Protection (ICRP) (see section 
1 The principles of fate modellin. - are discussed in Chapter 3. 
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5-2). By dealing consistently in terms of risk, the impacts of solid waste are not over- or 
underestimated in comparison with direct discharges, and comparisons can be made between the 
two. The issues discussed above have also been recognised in connection with solid waste in 
landfills, and several of the methodological principles discussed in this chapter with respect to 
solid radioactive waste are common with and applicable to the assessment of other solid waste 
management sites in LCA. 
The difference between direct emissions and solid radioactive waste makes it necessary to report 
these environmental interventions in separate groups in the inventory, and then calculate the fate 
according to the source of the radionuclides. Hence, the direct emissions must be divided into air 
and liquid discharges, while solid waste will have to be treated in different groups according to 
storage practice 2. This thesis proposes the following sub-categories: 
LLW ILW HLW Wateremissions AirFmissions 
(near surface repository) (deeprepository) (deep repository) 
Sub-categories 
Radioactive solid Direct discharges 
was te 
Impact 
Human Irradiation En%ironmental Irradiation Categorie, 
( 
Figure 5-2 Sub-categories 
The definition of sub-categories to distinguish between different kinds of environmental 
intervention is consistent with general developments in Life Cycle Impact Assessment (Udo de 
Haes, 1996). In the framework presented here, the radionuclide concentrations arising from 
different sources of solid waste and direct discharges may be ag egated in each sub-category ,, gr 
during characterisation. This is further explained in Section 5.1. The contribution to the main 
impact categories may then be found from each of the sub-categories. It is recommended in this 
thesis, however, that the scores for the two sub-categories, radioactive solid waste and direct 
discharges, are not aggregated into one score for Human Irradiation and one for Environmental 
2 Storage practices for radioactive solid waste are discussed in Chapter 4. 
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Irradiation. The contribution by these sub-categories to the two impact categories should be 
discussed in the LCA valuation phase as considerations should be taken to issues such as 
perception of risk and weighting of impacts that may happen far into the future. This is further 
discussed in Section 5.4. 
In summary, this chapter will discuss how fate may be considered for each radionuclide and how 
the contribution to Human Irradiation may be quantified. The proposed methodology divides the 
solid waste and routine discharges into different sub-groups, determines the fate of the different 
radionuclides using pathway models and quantifies their contribution to the Human Irradiation 
category using risk indicators. The risk calculations are in line with the 1990 ICRP 
recommendations, and impact is defined as the expected number of cases of radiation-induced 
health effects. This is further discussed in Section 5.2. Calculating the individual risks from direct 
discharges and solid waste determines the potential impact on human health from radioactive 
releases. It will also enable the different burdens to be compared on equal terms within the Human 
Irradiation category as the quantitative value takes into account the probability of their occurrence. 
The methodology for direct discharges and solid waste is discussed in more detail in Section 5.3 
and Section 5.4 respectively. Once the environmental burdens have been quantified, the 
environmental profile of the system may be further assessed in the Valuation phase of the LCA. 
The interpretation of the risk values at this stage must be carried out with caution and this is 
further discussed in Section 5.5. The Human Irradiation category presented in this chapter and the 
Environmental Irradiation category described in Chapter 6 forms a common framework (see 
Chapter 4) to characterise radiological burdens in LCA. 
5.2 Characterisation using Risk Assessment 
In order to find a way of measuring the potential impact from radioisotopes, it is helpful to make 
use of established principles available for radiation protection. Radiation exposure has generally 
been managed based on dose limits which ensure that individuals are not exposed to radiation 
levels higher than those judged acceptable. These limits have undergone regular revisions for 
several decades as further information on the biological effects of various types of radiation has 
become available. The International Committee for Radiological Protection (ICRP) has been the 
primary advisory body on this subject since 1928, and has provided guidance for regulatory 
authorities and other management bodies through its series of publications on radiological 
protection (Devgun, 1992). In the most recent recommendations from the ICRP (1990), the 
commission extends the traditional system of dose limitation to cover situations such as 
radioactive waste disposal which involves only a probability of exposure: 
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" The exposure of individuals resulting from the combination of all the relevant 
practices should be subject to dose limits, or to some control of risk in the case of 
potential exposures. These are aimed at ensuring that no individual is exposed to 
radiation risks that are judged to be unacceptable from these practices in any 
normal circumstances " 
The decision to extend the dose limitation system to also include potential exposure was based on 
a report published by the ICRP dealing specifically with solid radioactive waste disposal (ICRP, 
1985). In the case of waste disposal facilities, it is difficult to apply standards which consist solely 
of dose limitations. This is because there might be circumstances in waste management with a low 
probability of occurrence which may lead to doses above any selected limit. In these cases, risk 
constraints, rather than dose limits, provide a more meaningful measure of radiation protection 
because they take into account both the probability of incurring a dose and the detriment 
associated with that dose if it were to be received. In the new extended dose limitation system, the 
ICRP recommends how to determine the risk of potential exposures from solid radioactive waste. 
These calculations will form the basis for the proposed Life Cycle Impact Assessment 
methodology for environmental releases of radionuclides in this thesis. 
The dosimetric quantity used when calculating the risk is the average absorbed dose, defined as 
absorbed energy in joules (J) per unit mass of exposed biological tissue. The Sl unit of dose is the 
gray (Gy) which is I J/kg. This dose is used as an indicator of the probability of subsequent 
biological effects using dose-response relationships. The effects of radiation may be divided into 
deterministic or stochastic as illustrated in Figure 5-3. 
Severity o 
effect 
Variation in sensitivities arnong 
exposed individuals 
Threshold (tissue specific) of ; 
ýýf pathological condition 
----------- 
Stochastic 
i 
approx I Sv Dose 
Figure 5-3 Dose-response relationships for stochastic and deterministic effects 
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The deterministic effects result from the killing of cells which, if the dose is large enough, causes 
sufficient cell loss to impair the function of the tissue. The dose-response relationship is not linear 
for these effects, as the probability of causing harm will be zero at small doses, while above a 
threshold-dose of approximately I Sv (defined below), the severity of the harm will increase with 
dose, in most cases, as a sigmoid dose-effect function (ICRP, 1990). Stochastic effects result when 
an irradiated cell is modified rather than killed. The modified cells may develop into a cancer and 
there is probably no threshold for this effect and the severity of the cancer is not affected by the 
dose. It is believed that the probability of cancer is roughly proportional to dose, at least for doses 
below the threshold for deterministic effects (ICRP, 1990). 
The probability of stochastic effects is also dependent on the type and energy of the radiation 
causing the dose, and the organ or tissue being irradiated. The absorbed dose is therefore 
weighted using a factor related to the type and energy of the radiation and a factor representing the 
distribution of the dose within the body. The first factor is called the radiation weighting factor 
and is selected by the Commission to be representative values of the relative biological 
effectiveness (RBE) of that radiation in inducing stochastic effects at low doses. The RBE of one 
radiation compared with another is the inverse ratio of the absorbed doses producing the same 
degree of a defined biological end-point (ICRP, 1990). The second factor is called the tissue 
weighting factor and represents the contribution of an organ or tissue to the total detriment arising 
from a uniform irradiation of the whole body. The resulting double weighted absorbed dose is 
called the effective dose and is given the unit Sievert (Sv). The weighting factors are only 
representative for stochastic effects at low doses (ICRP, 1990). Following an intake to the body, 
there is a period during which the material gives rise to doses in the tissues of the body at varying 
rates. The time integral of this dose rate is called the Committed effective dose. The integration 
time following the intake is normally taken as 50 years for adults and from intake to age 70 years 
for children. The ICRP (1990) dose limitation system is based on the effective dose. The 
recommended effective dose limit for occupational exposure is currently 20 mSv/y, averaged over 
5 years, with a further provision that the dose should not exceed 50 mSv in a single year. For an 
individual member of the public the Commission recommends an effective dose limit of I mSv/y. 
The limit applies to the sum of all doses received from both external and internal exposures from 
regulated practices, i. e. not natural background radiation. 
The dosimetric quantities described above are used in the extended dose limitation system dealing 
with potential exposure, and individual risk is calculated as folloWS3 (ICRP, 1985): 
3 In the notation of the ICRP. 
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Paragraph for clarification (read after 2nd paragraph on page 116) 
The risk value in equation 5-1 is based on the effective dose to a highly exposed 
individual in a critical group. Another parameter often used in radiological protection is 
the collective effective dose (manSv). This is defined as the total radiation dose received 
by a group of people or population, and is obtained by multiplying the mean effective 
dose to the group from a particular source by the number of people in that group. These 
estimates take into account varying population density, while the effective doses are 
worst case estimates which assume similar population distribution at all sites considered. 
The effective dose to an individual will be used in the development of the impact 
assessment methodology for LCA in this thesis as the site-specific detail required to 
estimate the collective dose is not always available in a LCA study. Although some site- 
dependent information is required to calculate the impacts from radionuclide emissions, a 
site-specific impact assessment is not within the remit of LCA as the methodology must 
be applicable to a range of sites. The distinction between site-dependent and site-specific 
information is discussed in more detail later in this section. It must also be appreciated 
that the LCA Impact Assessment does not characterise the actual impacts from the site 
as the emissions are related to the functional unit of the study and do not necessarily 
represent all activities at the site in question (see Chapter 2 and Section 5.2, pg. 119). 
This means that the results of an Environmental Impact Assessment (EIA) study are not 
directly comparable to the output of a LCA. A different approach is therefore required in 
LCA which allows the characterisation of the radionuclides in the inventory without the 
detail required for an EIA. The approach must make use of the well known principles of 
radiation protection, but at the same time be compatible with the other impact 
assessment approaches in LCA and be readily available to LCA practitioners. 
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R=P-D-F ..................................................................................................... 
R Annual risk of detrimental health effect as a result of radiation exposure due to the 
waste or emission V) 
P Probability that the individual will incur a dose (y") 
D The dose incurred (Effective dose or Committed Effective dose, Sv) 
F Probability per unit dose of detrimental health effect (Sv") 
Equation 5-1 embodies a distinction between the probability that an individual will incur a dose 
and the probability that an individual or his descendants will contract a serious detrimental health 
effect as a result of it. The term "probability" is usually defined in terms of frequency of 
occurrence. The risk value, R, indicates the potential impact on human health due to the waste 
arising or radionuclide emission resulting from the system. Risk is defined by the Commission as 
the probability that a serious detrimental health effect will occur in a potential ly-exposed 
individual or his descendants. This definition of risk is only relevant for stochastic effects at low 
doses, because the average dose (D) which is used as an indicator of the probability of effects in 
the Risk Assessment depends on the linear relationship between dose and response (ICRP, 1990). 
Fatal cancer is often the main health effect considered, because at the levels of dose normally 
involved this is the effect with the highest probability of occurrence per unit dose. Risks 
connected to doses above the threshold for deterministic effects are only relevant when assessing 
potential accidents. This will not be dealt with here. 
It is proposed in this thesis that the risk of detrimental health effect, R, represents the contribution 
to the Human Irradiation category. In line with the other characterisation methodologies in LCA 
(see Chapter 3), this may be described by the following function using the notation of this thesis: 
SH, j =-- ai QHjj = Pi D, F ............................................................................................... (5-2) 
SHIi Contribution to Human Irradiation category by radionuclide i defined as annual 
risk of detrimental health effect (y") 
a, Activity of radionuclide i (Bq) 
QHE Characterisation factor for radionuclide i (Bq-1 Y'1) 
Pj Probability that the individual will incur a dose from radionuclide i (y") 
Di The dose incurred by radionuclide i (Effective dose or Committed Effective dose, 
Sv) 
F Probability coefficient for stochastic effects, see Table 5-1 (Sv"') 
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The contribution to Human Irradiation by the various radionuclides will be aggregated into each 
sub-category for direct discharges and solid radioactive waste. The total score for the Human 
Irradiation category is defined in equation 5-3. This would be the sum of all radionuclides directly 
discharged -or released from solid waste which may contribute to a potential detrimental health 
effect. 
n 
SHI: -- ZSHIi ..................................................................................................... (5-3) i=l 
Further to the discussion earlier regarding sub-categories, it is recommended that aggregation of 
these according to equation 5-3 is not carried out before the valuation phase. It must be 
remembered that from a human health point of view, the combined exposure to an individual from 
both direct discharges and solid waste is not realistically possible. 
In order to find the risk to human health from the LCA inventory data according to Equation 5-2, 
detailed site-dependent information as well knowledge about the type of emission is required. The 
probability per unit dose of contracting fatal cancer (F) is a constant and has traditionally been 
taken to be 0.0125 Sv" (Smith et al., 1987). This annual risk factor was first quoted in the ICRP 
Publication 26 (ICRP, 1977), and was defined as the sum of the individual risk factors for fatal 
cancers in each of the body's main tissues and organs. This value was later criticised by many 
organisations and scientists for being an underestimate that excluded non-fatal risk and which did 
not acknowledge the difference in sensitivity for various age groups (Green, 1986). In the 1990 
Recommendations (ICRP, 1990), the annual risk factor was revised and the Commission defined 
the nominal probability coefficients for stochastic effects listed in Table 5-1. 
Table 5-1 Nominal probability coefficients for stochastic effects (ICRP, 1990) 
Detriment (10-2 SO) 
Exposed population Fatal cancer Non-fatal cancer Severe hereditary effects Total 
Adult workers 4.0 0.8 0.8 5.6 
Whole population 5.0 1.0 1.3 7.3 
The table shows the probability coefficients for the following components of detriment: the 
probability of attributable fatal cancer, the weighted probability of attributable non-fatal cancer 
and the weighted probability of severe hereditary effects. The probabilities for' a general 
population differ slightly to that of a working population due to the inclusion of more sensitive 
younger age groups. In the examples used for illustrative purposes in this thesis, the whole 
population probability coefficient in Table 5-1 is generally used. 
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The calculations to find the dose incurred, D, are based on a number of models for radionuclide 
transport in the environment. The probability, P, of an individual receiving this dose depends on 
the nature of the discharge. In the case of doses arising from "natural" release processes, i. e. direct 
discharges or gradual degradation of conditioned waste and its container by ground water, this 
probability may be assumed to be unity as the radiation exposure pattern relates to the normal 
evolution of the site and is therefore reasonably predictable. Other processes are not gradual and 
have to be thought of as probabilistic. These may be accidental intrusion to a repository by man or 
gross distortion of the geosphere by, for example, seismic activity or glaciation. Some of these 
events modify the characteristics of existing pathways while others introduce new pathways 
(ICRP, 1985)4. 
The complex range of data and models required to find the values of D and P in Equation 5-2 may 
not be readily available to a LCA practitioner. There are, however, a number of screening tools 
which have been designed to require a minimum amount of site-specific data and decisions on the 
part of the user. These often apply model parameters and assumptions which deliberately provide 
upper bound estimates for the dose to people. As Life Cycle Assessment does not attempt to 
quantify actual impacts, however, this does not pose a problem as long as consistent 
methodologies are used for all radiological burdens. Three studies which are frequently used to 
assess the potential impacts of direct discharges or solid radioactive waste disposal have been 
identified, and these will be used as the basis for the Impact Assessment methodology proposed in 
this thesis: 
* Screening models for releases of radionuclides to atmosphere, surface water 
and ground (NCRP, 1996) 
Performance Assessment of Geological Isolation Systems for Radioactive 
Waste (PAGIS, 1988) 
Performance Assessment of Confinements for Medium-level and cc- 
contaminated waste (Mobbs et at., 199 1 a) 
The National Council on Radiation Protection and Measurements (NCRP, 1996) have developed a 
set of screening factors to find the dose to humans from direct releases to various environmental 
media. The use of these screening techniques for direct discharges is discussed in Section 5.3. For 
waste repositories, two major studies in Europe - the PAGIS (Performance Assessment of 
Geological Isolation Systems for Radioactive Waste) (PAGIS, 1988) and the PACOMA 
(Performance Assessment of Confinements for Medium-level and cc-contaminated waste) (Mobbs 
4 The principles of fate modelag are introduced in Chapter 3 and will be discussed in more detail in Appendix C. 
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et al., 199 1 a) - have been carried out to determine doses and risks to humans from various disposal 
concepts. This thesis proposes to use these studies in the assessment of radioactive waste and this 
is further discussed in Section 5.4.2. 
It is now necessary to place the proposed characterisation methodology in the context of traditional 
Risk Assessment and LCA. Impact Assessment in LCA generally deals with potential impacts of 
non-localised systems while tools such as Environmental Impact Assessment (EIA) and Risk 
Assessment (RA) deal with the prediction of actual impacts and localised unit operationss. There 
is no strict division however, and characterisation methodologies proposed for LCA require 
varying levels of detail. As discussed in Chapter 3, fate and effect information are directly related 
to the cause-effect chain. In the methodology proposed in this chapter, this would refer to the 
calculations used to find the dose incurred by an individual and the related risk of stochastic 
effects. In the context of EIA and RA, this information may lead to the prediction of actual 
impacts. In LCA, however, one can only refer to potential impacts as the radiological burdens 
considered are related to the functional unit of the study (see Chapter 3). There may be burdens 
which are associated with other processes at the site in question which are not necessarily relevant 
to the system assessed. The other levels of detail highlighted by Udo de Haes (1996) are 
background level and spatial information. The background level information may, for example, be 
considered in cases where the ecosystem at a given location is less sensitive to further increase due 
to high background levels. This is further discussed in Chapter 6 in connection with 
Environmental Irradiation. When considering spatial information a distinction is made between 
global and non-global impact categories in which the latter considers spatial differentiation (Udo 
de Haes, 1996), where "Spatial" refers to the environmental distribution of the compounds relevant 
for the impact category under consideration. In the case of global problems such as global 
warming and ozone depletion, differentiation between different emission sites is not required. For 
non-global impact categories, however, there is an increase in uncertainty when spatial resolution 
is omitted. The particular physical, climatic and biological characteristics of a region or local site 
become increasingly important in determining the response to an environmental exposure (Owens, 
1995 & 1997). Such categories include acidification, ecotoxicity, human toxicity and noise, and 
may be called "site-dependent" approaches. Acidification, for example, will depend on the buffer 
capacity of the soil and impacts from noise will depend on the function of the area (Udo de Haes, 
1996). Spatial differentiation may lead to data needs which are outside the scope of LCA, 
however, and a balance needs to be made between the added value achieved by differentiation and 
the increased complexity that this may entail. The impact assessment methodology proposed in 
3 See Chapter 2. 
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this chapter can be categorised as a "site-dependent" approach which incorporates information 
from traditional Risk Assessment. It differs from RA in that is does not attempt to quantify actual 
impacts and it does not include the same level of site-specific information. A globalised approach 
would not have been suitable, however, due to the site-dependency of solid waste disposal sites 
and the pathways which will influence human exposure from the solid waste or direct discharges. 
If site-specific data is limited, it might be necessary to select representative sites and report a range 
of possible values in order to carry out the analysis. Further, there may also be a need to restrict 
the analysis to those emissions which appear to yield the largest contribution to the impact profile. 
The approach recommended in this thesis attempts to merge the principles of Risk Assessment and 
the objectives of LCA Impact Assessment to be able to characterise the impacts arising from 
radionuclides present in direct discharges and solid waste. Several authors have recognised that 
environmental Risk Assessments may become an important component of LCA Impact 
Assessment (Curran, 1996 and Udo de Haes, 1996). In the recent LTNEP (United Nations 
Environment Programme) publication on Life Cycle Assessment it is urged that further research is 
required in this area (UNEP, 1996). A closer integration of different environmental tools is also 
emphasised within the Society of Environmental Toxicology and Chemistry (SETAQ working 
group on Conceptually Related Programmes (De Smet et al., 1996) and the European concerted 
Action Programme, LCANET, looking at the future development and application of LCA within 
Europe (Cowell et al., 1997)6. Some areas of concern highlighted in these publications relate to 
the methodological adaptions required, the increased work involved in the LCA inventory analysis 
and the amount of data required for the calculations. These issues have been overcome in this 
thesis by considering a site-dependent approach and appropriate screening tools as discussed 
above. The implementation of this methodology for direct discharges and solid waste is described 
in Section 5.3 and 5.4 respectively. 
5.3 Direct Discharges 
The NCRP (1996) has recently published a report which provides a series of simple screening 
techniques that can be employed to demonstrate compliance with environmental standards or other 
reference levels for releases of radionuclides to the atmosphere, surface water or ground. The 
screening techniques apply to intermittent or continuous releases of radionuclides to the 
environment during routine operation over a period of 30 years, with exposure to the releases 
assumed to be during the last 12 months of that period (NCRP, 1996). The 30 year period is used 
for build-up of nuclides in the soil and sediment. The Screening techniques are based on 
LCA in relation to other tools is discussed in Chapter 2. 
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Screening Factors which have been developed for more than 800 radionuclides. These factors 
combine many widely used radiological assessment principles, and incorporate important exposure 
pathways and dosimetry parameters (section 5.3.2). They are not intended to be used to estimate 
actual risk or doses to individuals, however, and can only be used for comparative assessments. 
Further, they should not be used in connection with accidental releases. In the screening 
techniques, the factors are used together with concentrations of individual radionuclides in the 
various environmental media to estimate the potential dose to humans. The concentration of 
radionuclides is found by applying environmental transport models to the inventory data (section 
5.3.1). In line with the discussion in Chapter 3 (see equation 3-10 in Section 3.4.3), a relationship 
is required between the emission pulse and the resulting concentration in the environment. This 
may be expressed as follows: 
C, j = yij ai ..................................................................................................... 
(5-4) 
Cij Exposure concentration by radionuclide i in environmental medium j (Bq Y/M) 
7ij Proportionality constant (y /M 3) 
ai Activity of emission pulse of radionuclide i (Bq) 
The environmental media considered in the NCRP publication are atmosphere, surface water 
(freshwater and marine) and soil. The latter category applies to near surface disposal and is 
discussed in Section 5.4 together with more comprehensive approaches for radioactive waste 
disposal in deep repositories. The current section will therefore deal only with direct emissions to 
air and water. The models used to find the relationship between the emission and the 
environmental concentration vary in complexity and three screening levels are identified. This is 
further discussed in Section 5.3.1. 
The dose received by humans as a result of the emission pulse is found by combining the 
environmental concentration with a Screening Factor which is specific to the radionuclide and 
environmental medium in question. The Screening Factors represent the exposure dose received 
from external radiation, inhalation and ingestion over a time-period of one year per unit 
concentration of radioactivity in the medium atmosphere or water. The development of the 
Screening Factors (SF) is discussed in Section 5.3.2. The product of the Screening Factors and the 
concentrations found through pathway models gives the dose incurred as a result of the emission 
pulse. 
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Di = Ci SFj ..................................................................................................... (5-5) 
Ci Radionuclide concentration in envirorunental media (Bq Y/M3) 
SFj Screening Factor for radionuclide i (Sv m3/Bq y) 
Di Dose incurred by radionuclide i (Sv) 
The dose incurred may be inserted in equation 5-2 to give the contribution to the Human 
Irradiation category: 
Slui = Pi Di F ..................................................................................................... 
(5-6) 
II 
Smi Contribution to Human Irradiation category by radionuclide j defined as annual risk 
of detrimental health effect(]() 
Pi Probability that the individual will incur a dose from radionuclide i, assumed to be 
unity in the case of direct discharges (y") 
Di The dose incurred by radionuclide i (Sv) 
F Probability coefficient for stochastic effects, see Table 5-1 (Sv") 
This represents the risk to the individual of contracting a radiation-induced health effect (e. g. fatal 
cancer) by exposure to the radionuclides emitted from the system under study. The Screening 
Factors for various radionuclides are listed in Table D- 1.1 in Appendix D. 
53.1 Screening levels 
In order to assess the potential exposure to humans, the radionuclide concentration in the various 
environmental media, Cij, resulting from an emission, aj, must be found using pathway models 
(equation 5-4). Depending on the amount of site-specific data available for the study in question, 
three levels of screening for atmospheric transport pathways and two levels for surface water are 
presented in the NCRP report (see Table 5-2). These levels represent varying degree of 
sophistication in the pathway models. Level I is the simplest approach and incorporates a high 
degree of conservatism, while Level II accounts for dispersion in the atmosphere and in surface 
waters. When the radionuclide concentrations are found using Levels I and II, overall Screening 
Factors including all pathways are combined with the data. In Screening level III, however, more 
definitive and detailed pathways analysis is used, and individual Screening Factors for external 
exposures, inhalation and ingestion of vegetables and animal products are applied. In the cases 
where very little site-specific data is available, Screening Level I will provide an upper bound 
estimate of the annual risk to an individual. According to the discussion in Section 5.1, this could 
be considered a global approach for a non-global impact category, i. e. the accuracy of the results is 
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very low as the spatial characteristics are omitted. Screening Level H is recommended in this 
thesis as it can be considered a site-dependent approach which requires some localised 
information. The detailed Screening Level III require more site-specific data and will in most 
cases be outside the scope of a LCA study. The various screening levels are described in more 
detail in Appendix C followed by some simple examples. 
Table 5-2 Screening levels 
Screening Atmosphere Water 
level 
Assume that the atmospheric Assume that a radionuclide concentration at 
"Global" concentration at the receptor is equal to the downstream receptor of interest is equal 
the atmospheric concentration in the to the liquid radionuclide concentration in 
stream emitted multiplied by the fraction the stream emitted. Overall screening factor 0 
of the time the wind blows towards the for all exposure pathways. 
receptor. Overall screening factor for all 
exposure pathways. 
II Find atmospheric concentrations using Find radionuclide concentration using 
"Site- centreline Gaussian plume dispersion advection-diffusion equations. Distinguish 
dependent" models. Same screening factor as above. between receiving waters (river/stream, 
estuary, coastal water and lake). Same 
screening factor as above. 
III Find atmospheric concentrations using Not available. 
"Site- centreline Gaussian plume dispersion 
specific" models. Individual screening ., 
factors are 
used for external exposures, inhalation 
and ingestion of vegetables and animal 
products. 
The Screening Level II models which are mainly used in this thesis are site dependent and differ 
from the models proposed in the assessment of human toxicity and ecotoxicity in Chapter 3 which 
are based on regional distribution models (see Section 3.4.3). The flux-pulse problem discussed in 
Chapter 3, however, still applies as the models used are based on rates of release of individual 
radionuclides (Bq/y) while the LCA inventory lists activity per functional unit (Bq/TJ). This is 
solved by considering the discharge as an emission pulse and using the resulting time integrated 
concentration increase as basis for calculating the dose incurred by humans. The relationship 
between an emission pulse and the resulting concentration increase was shown in equation 5-4. 
Hence, if an emission rate is assessed using the screening procedure described above the 
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concentration in the medium is in terms of Bq /M 3 while if the activity in the LCA inventory is 
assessed as an emission pulse the concentration is in terms of Bq Y/M3 TJ. This is illustrated for 
each scenario in the following simple "dimensional" example using the Atmospheric Screening 
Level I model. Examples using the other Screening Levels are shown in Appendix C. 
Parameter Flux scenario Pulse scenario w/functional unit 
Emission (a) Bq/y Bq/TJ 
Volumetric flow rate (V) In 
3/y 
m 
3/y 
Environmental concentration (C = aN) Bq/M3 Bq Y/M3 Tj 
5.3.2 Screening Factors 
The screening factors describe the movement of radionuclides through the food chain to man, the 
consumption of contaminated food and water, the time spent in a contaminated environment and 
the doses that results from the various contamination levels. The modelling of these exposure 
pathways is based on the same principles as for the toxic emissions discussed in Chapter 3. The 
factors are developed as follows: 
a) For each contaminated medium, pathway models are used to explain the movement of the 
radionuclides through the food chain to man. The generic food categories considered are 
vegetables, milk and meat. Concentrations of radionuclides in terrestrial foods are estimated 
from the concentrations in surrounding atmosphere and water, and are calculated as the 
product of three tenns: 
Ctf -'ý Cmediwn 
VF CF ........................................................................................ (5-7) 
C, f Concentration of a radionuclide in a terrestrial food product (Bq/kg or Bq/1) 
Cmedium Concentration of a radionuclide in the atmosphere or irrigation water at the 
nearest potential location of pastures and/or growing vegetables (Bq /M 3) 
VF Deposition velocity for wet and dry deposition (m/d for air or m 3/M2 d for 
irrigation) 
CF Transfer factor for the element (concentration of the element in the food 
product per unit deposition rate onto agricultural land, Bq/kg per Bq/m 2d or 
Bq/1 per Bq /M 2 d) 
The derivation of CF in the above equation depends on several element-independent 
parameters (e. g. crop exposure time and period of long-term deposition and build-up in soil) 
and element-specific parameters (e. g. transfer of element to the edible portion of a crop or 
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transfer to milk and meat)7. In the derivation of the transfer factors, CF, a build-up time of 
30 years (average operational time for a nuclear facility) is assumed for parent and daughter 
radionuclides in the soil, as explained above. 
In the case of the aquatic environment, assimilation of radionuclides by living organisms is 
calculated using a single empirical relationship for the transfer of the radionuclide from 
water to organism. The transfer coefficient is known as the bioaccumulation factor, BF, and 
represents the ratio of the radionuclide concentration in the organism or tissue to that in 
waters. 
BF = 
Slb-iota 
..................................................................................................... 
(5-8) 
Cwater 
Cbi.,. Radionuclide concentration in biota or tissue (Bq/kg) 
C,,..,, Radionuclide concentration in water (Bq/1) 
b) In addition to finding the concentration of radionuclides in the food chain, it is necessary to 
establish the consumption patterns of the contaminated food and water and to estimate the 
length of time that individuals may be exposed to the contaminated environment. This is 
carried out using so called "usage factors" which describe external exposure (h y") to 
humans from different environmental media, inhalation (in 3 y"') and ingestion (kg )(1) of 
various foods for an average person. Typical "usage factors" for screening are listed in 
Table 3-3 in Chapter 3. 
C) The contamination levels, found from the pathway models and the "usage factoe', are 
translated into doses to man using established inhalation and ingestion Dose Factors. These 
Dose Factors, which have been found for a range of radionuclides, represent the committed 
effective dose per unit intake (Sv/Bq) of different radionuclides. 
The combination of the parameters described in a), b) and c) is used to develop a set of overall 
Screening Factors for each radionuclide in the medium atmosphere or water. The Screening 
Factors are related to time as it is necessary to estimate the length of time that individuals are 
exposed to the contaminated environment. The final Screening Factors represent the sum of 
committed effective doses for a unit concentration of radioactivity (Sv m3 Bq" y"'), received from 
7 The various parameters are described in detail in the NCRP report (NCRP, 1996). 
1 The Bioaccumulation factors, which have been compiled from several reviews and reports, are summarised in the NCRP report 
(NCRP, 1996). 
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e external radiation over an assumed time period (I year), 
* inhalation of radioactive particles and gases during I year and 
o ingestion of locally grown foods during I year 
where, as noted above, the one year exposure period is taken to be the last year of the 30 year 
operational period of the facility in order to allow for build-up of radionuclides in soil and 
sediments. In summary, the screening factors for atmospheric emissions and releases to surface 
water include the following processes (Table 5-3): 
Table 5-3 Components of screening factors 
Atmosphere screening factors Surface water screening factors 
Wet and dry deposition over a period of 30 * 30 year build-up in shoreline sediments 
years onto the ground surface 
Uptake into terrestrial food chains 0 Uptake into fish and irrigated food 
Human exposure due to air inhalation, 0 Human exposure due to drinking water 
submersion in contaminated air, standing on consumption, direct irradiation from 
contaminated ground and ingestion of immersion in water (swimming and 
contaminated terrestrial foods boating) and shoreline sediments 
5.3.3 Characterisation approach for direct discharges 
The combination of the radionuclide concentrations and the screening factors discussed in Section 
5.2.1 and 5.2.2 represent the proposed LCA characterisation method for direct discharges of 
radionuclides. The approach is illustrated in Figure 5-4. 
Radioactive Screening levels Screening Factors 
discharges (Pathway models) 
(exemal radiation, 
inhalation & ingestion) 
ScreeningLevell - Cij ---o- Overallfactors Di 
Inventory data Screening Level J1 - Cjj --- J- Overall factors (Atmospheric)]< Di 
Screening Level III - Cij Individual factors Di Human Irradiation: 
L ----- - ---- Risk to human 
health 
Inventory dat Screening Level I- 
Cii --11- Overall factors 
Di 
(Water) 
Screening Level 11 - Cij -41- Overall factors 
Di 
a, Cij = ai yij 
0 Di = SFij Cij Sm - Di F 
Figure 5-4 Characterisation approach for direct discharges 
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The characterisation approach is carried out in three steps. The LCA inventory data is first 
transformed into environmental concentrations using an appropriate screening level (equation 54) 
and the screening factors are then applied to find the dose incurred by an individual in accordance 
with equation 5-5. The risk of a radiation induced health effect is then found using Equation 5-6. 
It must be stressed that this is a risk indicator related to the functional unit of the study and does 
not describe the total risk to any individual. The final risk value may be summed for all 
radionuclides from water and air emissions from a particular system or site and represents the 
contribution to the Human Irradiation category from direct discharges. A corresponding risk 
methodology has been developed for radioactive waste. This is discussed in Section 5.4. 
5.4 Solid Waste 
The national policy in the UK with respect to management of radioactive wastes is to dispose of 
Low Level Waste (LLW) as it arises to existing sites, such as Drigg in Cumbria, while temporarily 
storing the Intermediate Level Waste (ILW) awaiting the development of a deep repository. It is 
the UK Government's intention to develop a dual-purpose deep facility in the future to take both 
short and long-lived ILW and some high alpha-emitting LLW which is inappropriate for disposal 
at Drigg. Current policy for spent fuel or vitrified High Level Waste (HLW) from reprocessing is 
for long-term storage. No decision has been made with respect to a future disposal strategy for this 
waste, but the Government currently favour the development of a repository in the future 
(Government White Paper, 1995b). In order to be able to assess the potential environmental 
interventions associated with radioactive solid waste in the Nuclear Fuel Cycle, assumptions have 
had to be made based on the above policies. This was discussed in Chapter 4 and the main points 
are summarised below: 
* VLLW is disposed together with ordinary refuse to a Landfill site (not considered 
further here); 
LLW is directly disposed of to Drigg as it arises and mill tailings are disposed in tailing 0 
dams at the mine site; 
4, ILW is conditioned, stored for a short time and then disposed of to a deep repository; 
* HLW (vitrified or spent fuel) is stored for 50 years and then disposed of to a deep 
repository. 
For each of these disposal options, characterisation factors will be found for all the radionuclides 
normally associated with the different waste types. These factors can be combined with inventory 
data for waste and incorporated into the impact assessment. A linear relationship is assumed 
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between radiological impact (individual dose and risks over various time periods) and the activity 
disposed of, following the characterisation approach discussed in Section 5.4.1. The methodology 
is based on the same principles as the NRPB study (Smith et al., 1987) which was carried out in 
connection with the BPEO assessment of different disposal options carried out by the Department 
of the Environment in 1986 (see Chapter 4). In the BPEO study, however, the assumptions made 
for each disposal option were of a general nature and did not consider specific waste types or 
repository sites. It is very difficult to establish appropriate generic sites, however, as the 
containment of wastes will depend on the type of waste and the repository design, and potential 
migration of radionuclides will be affected by a range of site-dependent parameters for the 
surrounding geology. Most of the recent studies on waste disposal tend to consider previously 
published site-specific disposal studies (Carey, 1997). This thesis will therefore base the 
characterisation factors on site-specific studies for different repository designs which are 
appropriate for the disposal of waste under UK conditions and which are in line with current 
disposal policy as discussed above. These studies are further discussed in Section 5.4.2. 
5.4.1 Characterisation approach for solid waste 
The proposed characterisation method for solid radioactive waste was set out in Section 5.1. In 
line with the methodology for direct discharges, models for transport and exposure pathways will 
be used to determine the dose incurred by a person in a critical group near the disposal site and the 
nominal probability coefficient will be used to determine the risk of a detrimental health effect. 
Unlike direct discharges, however, it is assumed that exposure may occur at different times and as 
a result of different evolution scenarios. This is because of the long time-frame involved when 
considering the release of radionuclides from disposal sites and the inherent uncertainty involved 
in predicting exposures that may occur far beyond current generations and statutory surveillance of 
the site. 
This thesis considers that the only way to take into account the unpredictability of future events, 
both in terms of the natural environment and human behaviour, is to develop characterisation 
factors for a series of possible future scenarios. Similar to standard Risk Assessment, probabilities 
may be assigned to each scenario and the risks involved at various future dates may be calculated. 
Hence in the case of solid radioactive waste, the characterisation factor includes both the 
probability of the scenario that leads to a dose and the probability of a detrimental health effect 
occurring; while in the assessment of direct discharges, the probability of incurring a dose is 
assumed to be unity (see section 5.2). The resulting characterisation methodology for different 
types of solid waste is defined as follows: 
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Sjui = ai QHi=PDiF ..................................................................................................... (5-9) 
SHIj Contribution to Human Irradiation category by radionuclide i defined as annual risk 
of detrimental health effect 
ai Activity of radionuclide i (Bq) 
QFUj Human irradiation characterisation factor, indicator of detrimental health effect as a 
result of radiation exposure from I Bq of radionuclide i (Bq-1 y") 
Pj Probability that the individual will incur a dose from radionuclide i (Y") 
Di The dose incurred by radionuclide i (Sv) 
F Probability coefficient for stochastic effects, see Table 5-1 (Sv") 
This corresponds to the approach outlined in Section 5.2 of this chapter (Equation 5-2). In contrast 
to the direct discharges (Section 5.3), however, the doses incurred (Dj) must be estimated for both 
the slow, natural dispersion of activity from the site of disposal as well as the more severe, but less 
probable, exposure arising from intrusion by man into the geosphere at the disposal site. The 
probability that the individual will incur a dose (P) is estimated for the intrusion scenarios, while 
in the case of natural dispersion this value is assumed to be close to unity. It must be noted that a 
level of uncertainty is associated with these probability values as the different scenarios are based 
on a combination of different conditions which may not happen or interact in the way prescribed. 
A scenario based assessment, however, addresses the unpredictability of potential impacts from 
radioactive waste disposal and will make a broader spectrum of information available for the 
decision making process (see Section 5.5). 
The characterisation factors (Qjuj) will be based on site-specific studies and these may be 
combined with the LCA inventory data for waste arisings in the categories High Level Waste 
(HLW), Intermediate Level Waste (ILW) and Low Level Waste (LLW). The contribution to the 
Human Irradiation category is the potential risk of detrimental health effect associated with the 
emission of radionuclides from a waste disposal option, and may be compared with the risk from 
direct discharges described in section 5.3. Again it must be highlighted that these risk values can 
only be considered to be risk indicators and not measures of actual risk resulting from the waste. 
5.4.2 Characterisation factors 
The radionuclide specific characterisation factor in Equation 5-9 is dependent on the type of waste 
concerned and the repository in which it is contained. As described earlier in this chapter, the 
waste is grouped in the inventory according to whether it is LLW, ILW or HLW. A decision is 
then required on the type of repository and surrounding geology which is to contain the waste. In 
the UK Nuclear Fuel Cycle, most LLW is sent to Drigg for disposal; a site-specific study 
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performed by the NRPB (Smith et al., 1988) is therefore used as the basis for LLW 
characterisation. factors. Site-specific studies for the disposal of mill tailings at the Rbssing and 
Ranger Uranium mines have unfortunately not been identified. The characterisation factors for 
this type of waste are therefore based on the generic screening methodology for landfills which 
was presented in the NCRP report used for direct discharges in Section 5.3 (NCRP, 1996). This 
calculates the potential doses to critical groups using worst case scenarios which will significantly 
overestimate the doses, and better models for describing the impact of mill tailings are required in 
the future. In the case of ILW and HLW there is not yet a repository available and no decision has 
been made with regards to its possible siting. Characterisation factors for these have been based 
on the PAGIS and PACOMA studies. The aim of the PAGIS was to assess the general capability 
of selected geological formations and of the associated engineering structures to dispose vitrified 
High Level Waste (HLW) (PAGIS, 1988). Several options were considered which were thought to 
be representative of the various sites which may be considered suitable for the disposal of HLW in 
the European Community. The PACOMA project was carried out as an extension to the PAGIS 
project and followed the same methodology (Mobbs et al., 1991a). The aim of this study was to 
assess the radiological consequences associated with geological disposal of a-bearing wastes and 
medium-level radioactive wastes. The PAGIS and PACOMA studies have become the basis for a 
range of generic studies in the UK assessing the radiological impacts of disposal scenarios. One 
example is the radiological impact study comparing the waste management aspects of spent fuel 
disposal and reprocessing which was carried out by the NRPB in 1991 (Mobbs, 199 1 b). The land- 
based disposal concepts covered in the PAGIS and PACOMA studies are disposal of waste in clay, 
salt rock or granite. Reference sites in different countries are chosen for each of these geological 
formations. The sites chosen do not imply any political commitments and the assessments do not 
consider any economic or social aspects. In one of the case studies performed in thi's thesis in 
Chapter 7, disposal in clay is chosen as this geology has been extensively studied at the Harwell 
site in the UK. A careful judgement is required in such a decision, but it was found that for the 
radionuclides considered, the choice of geology would not have affected the outcome of the case 
study. 
The modelling of repositories in these different studies is carried out by dividing the disposal 
system into three main parts: 
Near-field the waste and waste packaging, the backfill in the repository and the zone 
of disturbed rock immediately around the repository; 
Geosphere the rocks and groundwater around the repository; 
Biosphere the soils, seas, estuaries, lakes, rivers, atmosphere and organisms in 
contact with the geosphere 
130 
Chapter 5 Radiological Impacts on Human Health 
These parts constitute the main barriers to radionuclide migration and human exposure from solid 
radioactive waste. This differs from the modelling of direct discharges from process plant which is 
only concerned with the biosphere part of the system. The natural route for migration of 
radionuclides from a repository back to the accessible environment is mainly via groundwater, and 
the normal evolution of a repository is broadly expected to be as follows (Thorne, 1995): 
a) the repository, which is partly water-saturated at closure, becomes fully saturated 
as a consequence of water ingress from the surrounding rocks; 
b) the physical barriers to radionuclide migration degrade such that the wastes are 
exposed directly to the chemically modified waters within the repository; 
C) radionuclides move, by advection and/or diffusion, from their original location in 
the repository through the near-field until they reach the host rock; 
d) radionuclides move by advection and/or diffusion through the host rock until they 
reach the near-surface hydrological environment. 
Another route of importance is transport of radionuclides such as H-3 and C-14 via gas generation 
of methane and carbon dioxide from the degradation of organic wastes. This situation is similar to 
that of landfills which was discussed in Chapter 3. Various human intrusion scenarios are also of 
concern. These include deliberate intrusion (e. g. to retrieve material) and accidental intrusion (e. g. 
exploratory drilling) after records of the location of the repository have been lost. 
The site-specific studies identified above model the migration of radionuclides through the 
disposal system and report dose and risk values related to a specific inventory of disposed 
radioactive waste. This is carried out for both normal evolution and human intrusion scenarios and 
for each of these, different exposure pathways may be reported. For the purpose of developing 
characterisation factors for LCA, the pathways which give rise to the highest individual doses in 
each case are used. The intrusion scenarios are assumed to take place after 50,100 or 300 years 
after the repository is closed. These times are thought to be representative for how long site 
control may last. The peak risk is assumed to arise at the time of intrusion for these scenarios, 
while when considering the normal evolution of the site, peak risk may arise at various times 
depending on the radionuclide, type of waste and repository design. The risk for normal evolution 
scenarios normally start to increase in the first few thousand years as the more soluble and mobile 
radionuclides migrate slowly from the repository into the surrounding rock and eventually reach 
the biosphere. In the dose and risk calculations, the radionuclide outputs from the repositories are 
followed until an absolute maximum is reached. Computations are halted when the output starts to 
decrease monotonically, i. e. after all the long lived and most retarded nuclides have reached the 
biosphere (Marivoet, 1988). This means that maximum risk for many radionuclides may be 
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reported for times beyond 10,000 years. It should be noted that it is argued that quantitative Risk 
Assessments can be considered to be reliable until 10,000 years (the time at which the next Ice 
Age is 'due'), but that any modelling beyond this can only provide indicators of possible risk 
rather than predictions (POST, 1997). In this thesis, no discounting is carried out on risks with 
peak times far into the future and the values are used as basis for the characterisations factors 
regardless of when the potential risk of health effects may occur. When risks associated with 
different radionuclides are summed in the impact category, however, information on peak exposure 
times is lost. These times have therefore been reported together with the characterisation factors 
(see Appendix D) such that the information is available, if required, in the valuation phase. 
This thesis assumes a linear relationship between the activity in the waste and the resulting risk to 
human health, and proposes to use the information from these studies directly to derive the 
characterisation factors for the disposal of a unit activity of various radionuclides. The resulting 0 
characterisation approach is illustrated in Figure 5-5. 
Radioactive Site specific models discharges 
Characterisation factor Human Irradiation: 
a W: as] Ste) 
. 
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Figure 5-5 Characterisation approach for solid waste 
The characterisation approach for solid waste differs from that for direct discharges in that the fate 
calculations for the transfer of radionuclides from the waste to humans are aggregated into the site- 
dependent characterisation factors and each step is not carried out explicitly. The characterisation 
factors are specific to radionuclide, waste type, disposal facility and evolution scenario. They 
represent the direct linear relationship between the activity of a radionuclide in a waste type and 
the risk to human health. The factors include the transfer of the radionuclides from the waste 
through the disposal system into the biosphere, the human uptake and the resulting dose incurred. 
For an altered evolution scenario (e. g. human intrusion), the factors also include the probability of 
the event happening. The development of the factors is site-dependent, and the models and 
assumptions used in each individual study are discussed below. The final characterisation factors 
are listed in Appendix D. The framework outlined above is also applicable to the assessment of 
other waste disposal practices in LCA such as landfills. The discussion on solid waste in Chapter 
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3 highlighted the complexity of landfills which are continuously influenced by varying chemical, 
physical and biological conditions. Finnveden (1996) recommends the use of predictive time- 
dependent modelling to find emission factors which relate the amount of emitted pollutant during a 
certain time period with the amount of landfilled pollutant (equation 3-23). This is in essence the 
same approach as that outlined above except that by introducing a risk element, the probability of 
changing conditions and the resulting influence on the migration of pollutants may also be 
included. 
5.4. ZI Low Level Waste - disposal at Drigg 
The principal site in England for low level radioactive waste disposal is Drigg near Sellafield in 
Cumbria. A detailed assessment of this site was carried out by the NRPB in 1988 as part of a 
review of the authorisation for the disposal of wastes at Drigg (Smith et al., 1988). The objective 
of this study was to assess the radiological impact of past disposals at Drigg using the most up-to- 
date information, and to find values for the impact per unit future disposal of each of a range of 
relevant radionuclides. The latter values were derived to be used in conjunction with inventory 
data to determine the impact of potential future disposals. The study presents maximum annual 
individual risk values per unit activity of several radionuclides for natural migration as well as 
various intrusion scenarios. The study uses equation 5.1 to find the risk values, and in the 
calculation, the probability of developing fatal cancer per unit dose has been taken to be 1.25 10-2 
Sv-1. Further to the discussion in section 5.2, this probability constant has been updated in this 
thesis and the whole population probability coefficient for fatal cancer and hereditary effects, 6.0 
10-2 SO, has been applied. 
The dose is calculated assuming that the individual exposed is a member of a hypothetical critical 
group which has habits which make his/her exposure higher than that of an average individual. 
The exposure pathways considered include leaching of radionuclides through groundwater into the 
trench drainage system and into adjacent aquifers, release via gases generated in the waste, as well 
as releases due to inadvertent intrusion by man. These possibilities, which are summarised in 
Table 54, are considered during the operational phase and a post-closure institutional control 
period for 50 and 300 years. 
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Table 5-4 Release mechanisms considered in the study (Smith et al, 1988) 
Period 
Operational phase and institutional control period 
Intrusion scenarios assuming a 50 year and a 300 
year site institutional control period 
Mechanisms 
Contact by groundwater and release via: 
a) marine outfall 
b) migration through main aquifer to the East- 
West stream or adjacent deep soil 
migration through regional aquifers to emerge 
on the beach 
Gaseous release of C-14 and H-3 due to 
biodegradation 
" Pre-site survey 
" Building, operations 
" Site occupation 
Use of water abstracted from a well assuming a 50 * Abstraction from aquifers 
year and a 300 year site institutional control period * Abstraction from trenches 
Leaching by groundwater is assumed to commence as soon as a trench is complete and operates 
during the institutional control period. For the calculation of the long-term release of activity into 
aquifers it is also assumed that the site drainage system fails once final capping of the trenches has 
been completed. This is a pessimistic assumption, but it is unlikely that any drainage system can 0 
last as long as it takes groundwater to carry substantial amounts of long lived radionuclides from 
the trenches. For the purpose of determining the long-term impact of discharges down the marine 
outfall, however, the most pessimistic assumption is that the drainage system is effective 
indefinitely. This is because instant discharges via the marine outfall allow the short-lived 
radionuclides to contribute significantly to the dose. If the pipe fails, all short-lived radionuclides 
will have decayed before emerging in the marine environment. About 50% of the total activity 
leaching from the trenches is assumed to run into the drainage system. Release from the main 
aquifer is assumed to be 90% to the East-West stream at Drigg and 10% to adjacent deep soil. The 
main pathways considered are root uptake and drinking water. Some water from aquifers will also 
emerge on the Drigg beach and the most important pathway for many radionuclides is external 
irradiation from beach sediments. 
The different intrusion scenarios are assumed to occur after the post-closure institutional control 
period. In the assessment, it has been assumed that biosphere conditions remain constant although 
significant changes in the surface features around the site are possible. 
The study of Drigg lists the maximum individual risk values per GBq of activity for a range of 
radionuclides commonly found in Low Level radioactive waste. The in-growth of daughter 
products has been accounted for in the dose calculations. Risk values are found for each of the 
release mechanisms included in Table 54 and for each radionuclide the time of the peak risk and 
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the dominant pathway to humans is noted. No discounting of risks occurring in the future is 
carried out in this thesis, and all risks are treated the same regardless of when they occur. The risk 
values for the pathways which give rise to the highest dose are therefore used as the basis for the 
weighting factors in this thesis. The values in the NRPB study (Smith, 1988) have been updated to 
include the more recent probability coefficient for fatal cancer and hereditary effects and the final 
weighting factors for the Drigg site are listed in Table D-3 in Appendix D. 
5.4.22 Mine failings -disposal to tailings dam 
In the assessment of mine tailings, site-specific models or models developed specifically for the 
assessment of tailing dams should be used as basis for the characterisation factors. Such models 
have not been found, however, and a conservative screening model for disposal of radionuclides in 
ground has been chosen in order to be able to assess this type of solid waste. The Low Level 
Waste model described in the previous section can not be used as it takes into account waste 
conditioning and containerisation. Tailing dams, however, generally rely on natural barriers for 
containment of the waste. The screening model, developed by the NCRP (NCRP, 1996), assumes 
that waste containment measures provide isolation from the environment for at least 2 years from 
the time of burial and that the administrative control period last for 10 years after the last burial. 
The waste is buried by I in of soil and the only pathway to man during the operational period is 
from drinking groundwater. Beyond the period of administrative control, the waste is assumed to 
be exhumed and dispersed on the land surface as a result of site occupation. Doses are calculated 
from direct irradiation, ingestion of produce, soil and groundwater and inhalation of resuspended 
soil. Screening factors are found for different radionuclides for all of the above mentioned 
pathways. These relate the waste inventory to the dose incurred by an individual and are used as 
characterisation factors for the assessment of mine tailings. These factors are listed in Table D-4 
in Appendix D. 
5.4. Z3 Intermediate Level Waste -disposal in clay 
The disposal of Intermediate Level Waste (ILW) in clay is considered in the PACOMA study to 
take place in the clay strata below Harwell in Oxfordshire (Mobbs et al., 1991a). This site was 
chosen because it is well documented and is representative of the main depositional environments 
associated with clay sediments (Mobbs et al., 1991a). The study considers the normal evolution 
scenario which is defined as the expected, normal evolution of the waste, the repository and the 
site; and various altered evolution scenarios which consider events such as intrusion into the 
repository. The methodology used to estimate the doses and risks is based on that developed for 
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the PAGIS project. The calculations are performed for time periods up to 108 years to cover the 
time period over which the peak doses are delivered. 
Two groundwater pathways are used to calculate exposure. One emerges in the river Thames and 
the other in the East Hendred brook. Under the normal evolution scenario these pathways lead to 
contamination of the terrestrial and marine biosphere. Doses to the exposed populations will arise 
from contaminated foodstuffs, water, inhalation and external exposure of contaminated land. The 
modelling of the normal evolution scenario is based on extrapolation of present and past geologic 
trends in the clays at Harwell; pathways through the geologic environment, biosphere and various 
food chains; and knowledge about the corrosion of the containers and degradation of the wastes. 
When calculating the risks, the probability of occurrence of the normal evolution scenario is 
assumed to be unity. The pathway giving the highest individual risks, the East Hendred brook, is 
the basis for the weighting factors listed in Table D-5 in Appendix D 
The altered evolution scenarios are selected to represent a range of low probability events and 
processes that can affect the disposal system. Two intrusion-by-man scenarios are considered; 
exposure via a freshwater well and exposure arising from an exploratory borehole drilling 
programme. The probability of occurrence of these scenarios is obtained from analysis of the 
present day frequency of these types of events. The PACOMA study also investigates scenarios 
for altered climatic conditions, but these are not included in this thesis. The weighting factors for 
intrusion in Table D-5, Appendix D, are based on the freshwater well scenario which gives the 
highest individual dose. 
5.4. Z4 Intermediate Level Waste - disposal in salt rock 
The PACOMA study on disposal of Intermediate Level Waste (ILW) in salt rock considers a 
hypothetical repository mined in a salt dome in Gorleben in Germany (Hirsekorn et al, 1991). The 
repository design is based on chambers which will contain ILW in concrete canisters and 
boreholes for any heat producing ILW. The normal evolution mechanism which may cause a 
release of radionuclides from the repository is subrosion, whereby upward movement of the salt 
dome results in erosion and removal of salt by groundwater flows. Potential transport of released 
radionuclides from the chambers and the boreholes are considered separately during the modelling 
as these areas are physically separated in the repository. The final risk factors used in this thesis 
have combined the two, and these are listed in Table D-5 in Appendix D. 
The human intrusion scenario considered in the study is solution mining of a cavern which 
impinges upon the repository. It is assumed that the cavern is abandoned and then fills with brine 
which enters the biosphere. The probability of occurrence of this event is not reported in the 
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PACOMA study, however, and the risk values for the human intrusion scenario can therefore not 
be included in this thesis. As a result, no altered evolution scenarios is considered in the rock salt 
option of the PACOMA project. 
5.4. ZS High Level Waste - disposal in clay 
The PAGIS reference site for disposal of HLW in clay is a hypothetical repository located below 
Mol in Belgium (Marivoet et a]., 1988). This site was chosen because it is well documented and 
tested, and it is believed that characteristics at this site are representative of many other 
argillaceous formations. The vitrified waste is placed in drums and then disposed of in boreholes 
within the repository. The study considers two main pathways under the normal evolution 
scenario: well water and contaminated groundwater, which lead to contamination of the terrestrial 
and aquatic biosphere. The water well is assumed to be sunk into the aquifer lying above the clay 
layer and the repository area, while the groundwater is assumed to flow through the upper aquifer 
into river beds. Doses will arise from these sources through contaminated foodstuffs, water and 
external and inhalation exposure from contaminated land. The pathway giving the highest 
individual doses per year is chosen as the basis for the weighting factors in this study. These 
factors are listed in Table D-6 in Appendix D. 
No human intrusion scenario was considered for the clay option as probability of occurrence of 
such scenarios were believed to be very small. There are no known reasons to excavate deep clay 
layers as large quantities of clay are available near the surface. Pumping of water from the clay 
layer is not realistic because of its extremely low permeability. At the Mol site there is also an 
aquifer above the clay layer which would be a more likely potential water source in the region. 
The weighting factors for human intrusion that are reported in Table D-6 in Appendix D, are based 
on data for the PAGIS granite option. The data has been scaled in order to fit the inventory on 
which the other clay calculations were based (Titley et al., 1996). Geological evolution scenarios 
such as glaciation were considered in the report, but these are not included in this thesis. 
SAU High Level Waste - disposal in salt rock 
The reference site for disposal of HLW in salt rock is assumed to be a rock salt dome in Gorleben 
in Germany (Storck et al., 1988). This repository is also assumed to hold the ILW discussed in 
section 5.4.2.4 above. The HLW will be placed in canisters in long boreholes. This salt dome is 
thought to have favourable characteristics for HLW disposal as it shows an abundance in the salt 
mineral halite. This mineral ensures a dry environment without groundwater Dow, a very low 
porosity and permeability to gas and water, good rock mechanical properties, relative ease of 
excavation, high thermal conductivity and neutral chemical behaviour at high temperature. It also 
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has a viscoplastic behaviour that increases with temperature and pressure and closes all void 
spaces (Storck et al., 1988). The normal evolution scenario is the same as that for the ILW 
repository option. The weighting factors are listed in Table D-6 in Appendix D. 
S-4-2.7 Spentfuel -disposal in granite 
Radioactive spent fuel from the reactor which is not sent for reprocessing is assumed to be 
disposed in a deep HLW repository in granite at the Auriat site in France which was studied in the 
PAGIS project (Mobbs et al., 1991b). Contaminated groundwater is expected to drain into the 
Vienne and then the Loire which are both rivers used as sources of drinking and irrigation water. 
This is assumed to be the main pathway to humans. In the modelling of risk and doses from the 
disposal of spent fuel in this repository, the same geosphere and biosphere parameters are used as 
for the disposal of HLW, but different models for corrosion or dissolution and different repository 
dimensions are used (Mobbs et al., 1991b). Leaching of some of the radionuclides in the spent 
fuel is assumed to occur earlier than for vitrified HLW due to differences in the conditioning of the 
waste. The intrusion scenarios considered for the spent fuel are borehole intrusion into the waste 
after 100 years and 500 years. The characterisation factors for spent fuel disposal are listed in 
Table D-7 in Appendix D. 
5.5 Valuation 
In the valuation phase of an LCA, the acceptability of the risk of fatal cancer needs to be weighted 
in relation to the other impacts identified by the study, to make it possible to judge whether the 
source of the burdens is likely to bring benefits sufficient to outweigh any disadvantages that it 
may have. The interpretation of the results is not a simple process, however, and will require a 
good understanding of the risk values found in the radiological impact category. Although risk in 
this chapter has been defined in a simple quantitative manner, this does not preclude subjective 
consideration of the separate components making up a risk, or consideration of the way in which 
risks are perceived. The valuation process in LCA must therefore address factors such as: 
9 the uncertainty associated with determining the risk values and the potential effects of 
low dose radiation 
the influence of public risk perception and ethical concerns in detennining an 
"acceptable" level of risk 
It is important to appreciate the assumptions that have been made and the uncertainty associated 
with determining the risk values. Particularly in the case of radioactive waste disposal there is an 
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imperfect knowledge of the events affecting the disposal site integrity and therefore an uncertainty 
associated with the parameters used in the assessments and the appropriateness of the models 
applied (ICRP, 1985). Environmental changes may occur after the disposal of radioactive waste, 
or there may be changes in the way in which the environment is used. Such events can be foreseen 
and their probability of occurrence estimated, but they cannot be predicted in detail. There is also 
an intrinsic uncertainty resulting from the statistical treatment of the variables such as the expected 
outcome from low probability events. It must be recognised that assumptions have had to be made 
which may or may not correspond to a future reality. Estimates of the order of magnitude of 
probabilities and radiation impacts will often be the best that can be achieved (ICRP, 1985). 
Another feature of the risk values which must be acknowledged is that they reject the notion of a 
threshold and of perfect safety (Sagan, 1994). Risk Assessments calculate the consequences of 
very low exposures based on observations at high exposure, and the resulting risk estimates are 
always finite and never zero. This means that all risk estimates, however small, are taken into 
account in the assessment as they quantify a statistical probability of producing harmful effects. 
The assumption that there is no threshold and that all doses are potentially harmful is often called 
the 'low-dose paradigm'. This school of thought was developed after World War II as a result of 
biological evidence that no threshold can be demonstrated for genetic effects and that mutagenesis 
is often an important step in the process of carcinogenesis. This was a move away from the old 
paradigm, the threshold approach, which is still the basis for the occupational exposure limits. The 
'low-dose paradigm' is a much debated issue, however, due to the difficulty in detecting the very 
small effects, harmful of beneficial, which may result from low levels of exposure. The evidence 
surrounding risks of low exposures is quite uncertain and some studies challenge the no-threshold 
concept by suggesting that low exposures may have effects qualitatively different from those at 
high levels of exposure9. One can frequently see in epidemiological or animal studies evidence of 
protective effects such as enhancement of the immune system, increased resistance to infection and 
increased longevity resulting from low exposures (Luckey, 1980; Sagan, 1989). The scientific 
uncertainty connected to the risk values and the debate surrounding the so called 'low dose 
paradigm' is highlighted in this thesis as it is particularly important to be aware of these issues 
when considering the scores found in the impact assessment phase. 
Another important aspect in the valuation phase is an understanding of the influence that social 
and ethical attitudes have on the interpretation of risk. Studies of comparative risks experienced 
by the population in various activities appear to indicate that an annual probability of death of the 
order of 10-6 per year or less is not taken into account by individuals in their decisions as to actions 
9 This concept is often referred to as 'hormesis'. 
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that could influence their risks (ICRP, 1985). These issues, however, are strongly affected by 
public risk perception and the difference between voluntary and imposed risks. Very often 
society's perception of tolerable risk does not coincide with that of an individual. For example, it 
is not self-evident that society would want to accept a small reduction in routine risks to 
compensate for an increase in the likelihood of an improbable but serious event. There may also 
be cases where there is a conflict between public and occupational risk. For example, if the public 
exposure is due to the release of waste to the environment, a reduction in that exposure may result 
in increased occupational exposure due to the additional waste processing and storage'o. Some 
studies have shown that people will accept voluntary risks approximately 1000 times more 
hazardous than risks they perceive as involuntarily imposed (Gerrard, 1995). Probability of loss of 
life attributable to conditions associated with smoking 10 cigarettes a day, for example, is 
approximately 0.005 per year (POST, 1997). In addition to the voluntary and imposed risk issues, 
many practices give rise to doses that will be received in the future. These doses must be taken 
into account but not necessarily on the same basis as for current doses (ICRP, 1990). The problem 
is twofold: on one hand there may be a desire to assign less weight to far future impacts due to 
social time preferences. On the other hand, should future detriments actually occur, they will be 
incurred by people who had no influence on the decision leading to their exposures and who may 
be unable to control them. This is in contradiction to the Brundtland definition of sustainable 
development and raises concerns on whether it would not be ethically desirable to assign higher 
weight to future detriments (ICRP, 1985). Sustainable development and the ethical aspects in 
connection with future risks are discussed in more detail in Chapter 2. 
The risk methodology presented in this chapter differs from other LCA categories such as Human 
toxicity in that the risk is not compared to a threshold or acceptable limit. This is driven by the 
low dose paradigm and the problems of defining an acceptable risk level for both current and 
future populations. The ICRP does not yet recommend an annual risk limit for individuals in its 
1990 radiological protection report due to the difficulty in finding consensus on what constitutes 
"unacceptable risk" or what the upper limit of risk is. The Commission encourages, however, 
international organisations to explore the possibility of achieving an internationally agreed policy 
on this matter. The Commission recommends that a risk limit and risk upper bound be established, 
in direct analogy to the dose limits and upper bounds for normal releases and that risks from 
probabilistic events should be limited on a similar basis. Such risk limits should be consistent with 
the risks implied by the dose limits, such that the overall risk to an individual remains below the 
level considered unacceptable (ICRP, 1990). The dose limits put forward for occupational 
10 See discussion on work envirorunent in Chapter 3. 
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exposure imply an annual occupational probability of death caused by a radiation induced cancer 
of about 10-3 to the most exposed individuals, while the annual probability of death for members of 
the public at the annual limit of I mSv would be about 10-5. In the UKs National Radiological 
Protection Board advice following the 1990 recommendations of the ICRP, an acceptable risk limit 
somewhere just below 10-5 per year is adopted (NRPB, 1991). This is based on a Risk Assessment 
report by the Royal Society in 1983 and the Health and Safety Executives recommendations in 
connection with the Sizewell B inquiry in 1988. Both these reports conclude that a maximum 
occupational risk of death of 10-3 per year is an appropriate dividing line between what is just 
tolerable and what is intolerable (NRPB, 1991). In the case of risks imposed on members of the 
public, however, the reports are more divergent in their views and vary between a tolerable risk of 
104 and of 10-6. The higher limit was challenged in the Hinkley Point C Pressurised Water 
Reactor Inquiry, and the tolerable risk limit is currently set at 10-5 (NRPB, 1991). This risk limit 
could be used as a guideline in the LCA valuation phase by comparing the suggested risk limit to 
the risk values found from routine and probabilistic situations. This would give an indication of 
how much the risk deviates from the "acceptable" limit. 
The valuation process in LCA not only needs to make a judgement on the importance of the 
various environmental impact categories; it also needs to consider a range of economic, social and 
ethical aspects when optimising the system. Unfortunately, an "objective", scientific way to reach 
satisfying results does not exist because the presence of personal judgements and preferences for 
which a broad consensus cannot be expected plays an important role (Curran, 1996). Various 
methods have been suggested for how to deal with the complex valuation step in LCA. This is 
further discussed in Chapter 3. 
5.6 Summary 
This chapter has introduced a new methodology enabling potential radiological burdens from both 
solid waste and direct discharges to be included in the LCA Impact Assessment phase. The 
approach resolves how radionuclides should be characterised and how to include the impacts of 
disposal of radioactive waste which has a long lifetime and a varying and time dependent 
probability of release into the Ecosystem. Predictions of the release scenarios for solid waste in 
deep repositories need to consider a time frame far beyond any normal fate analysis and it is 
therefore very difficult to assess the impacts of radioactive solid waste together with routine 
releases which have a more defined fate in the environment. It is proposed that Risk Assessment, 
which quantifies potential risks to human health, offers solutions to this particular problem and 
should therefore be brought into LCA. When the future risk of solid waste is calculated, the 
probability of release of radionuclides is taken into account. It considers the long time frame 
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before any release may be contemplated, and the uncertainty of what will happen after this time. 
Risk Assessment links pathway analysis with probability and enables different radioactive releases 
to be compared on the same terms. 
The proposed methodology is based on risk indicators which make use of well known principles in 
radiation protection and pathway analysis, as well as best available technology with respect to 
disposal of radioactive waste. Some localised information is required to be able to characterise 
potential impacts from radiological burdens, but the studies identified in Section 5.3 and 5.4 allow 
the assessment to be carried out without detailed site-specific knowledge. The risk indicators 
which are used to develop the characterisation factors use worst case scenarios and do not 
determine actual impacts, but they enable "hot spots" in the system to be found. It must be 
appreciated that better data may become available with time, but the intention is to provide the 
basis for a general framework for assessing radionuclides within LCA. By using consistent 
characterisation factors throughout the study, the different radioactive emissions can be compared 
with each other or summed up in the category "Human Irradiation" for comparisons with different 
fuel cycle stages or other LCAs. This chapter concentrate on the potential impacts on human 
health, but there is also a need to quantify impacts on the non-human biota. This is discussed 
further in Chapter 6. 
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Radiological Impacts on the Environment 
6.1 Introduction 
This thesis proposes a new framework for assessing radiological burdens in LCA using two 
classifications groups: Human Irradiation and Environmental Irradiation. Chapter 5 describes the 
methodology for assessing potential radiological impacts on human health using a risk indicator 
approach, while this chapter will consider the potential effects on the environment. 
The work which has so far been published on radiological burdens in LCA concentrates on 
potential impacts on human health. The proposed category for Environmental Irradiation take this 
a step further, as the possibility of radionuclides harming ecosystems is also of concern and the 
potential effect of accumulation of radionuclides in the environment should not be ignored. Most 
of the environmental monitoring which is currently carried out, however, involves measurements 
only of those species, or materials, which are part of a critical pathway to humans. In the 
International Commission of Radiological Protections recommendations of 1977 it was stated that 
"if man is adequately protected, then other living things are also likely to be sufficiently protected" 
(ICRP, 1977). This statement is generally accepted by the National Council on Radiation 
Protection and Measurements (NCRP, 1991) and the International Atomic Energy Agency (IAEA, 
1992c), although it was recommended that exposure of other populations in the ecosystem should 
be assessed and included in any consideration of the overall acceptability of a proposed or 
expected waste disposal practice (NCRP, 1991). It is believed by these organisations that the fate 
of individual organisms is, generally, not the major concern but rather the response and 
maintenance of endemic populations. This view has been challenged by Amiro et al. (1993b) as it 
assumes that humans are one of the most radiation-sensitive species because they are long-lived 
mammals. It implies that individual human life is valued more than individuals of other species 
and that if humans are selected as the critical indicator species, ecological protection is achieved. 
It is argued that this is based on limited evidence and that it is only valid when both humans and 
other biota inhabit the same part of the environment. Non-human organisms could be exposed to 
higher concentrations because of habitat differences, and there could be an impact on certain 
species without a concomitant impact on humans (Thompson, 1988). There is also an ethical 
aspect which is based on the idea that other life forms have an intrinsic value and that 
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environmental concern should extend beyond that of human society. This reflects back on some of 
the arguments that were discussed in Chapter 2 in relation to monetary valuation of the 
environment. 
Due to the incomplete knowledge about the potential effects of radiological emissions to the 
environment, this thesis adgOpts the precautionary principle and takes the view that an indicator 
should be developed which quantifies the potential interference with the natural environment 
caused by the system. Conservation of living natural resources - plants, animals, and micro- 
organisms, and the non-living elements of the environment on which they depend - is crucial for 
the development and future health of our environment (WCED, 1987). Scientists have intensively 
investigated and documented only about I% of the Earth's plant species, and a far smaller 
proportion of animal species. There is a growing scientific consensus that species are disappearing 
at rates never before witnessed on the planet, and that the world is losing precisely those species 
about which it knows nothing or very little (WCED, 1987). The precautionary principle advocates 
the reduction of inputs into the environment of substances with a known hazardous or toxic nature, 
especially where there is reason to believe that harmful effects are likely to occur (Jackson, 1993). 
This principle has become an important part of environmental management in areas where 
irreversible harm is seen to be possible. A general formulation of this principle was declared at the 
UN Conference on Environment and Development (UN, 1990): 
Environmental measures must anticipate, prevent and attack the causes of 
environmental degradation. Where there are threats of serious or irreversible 
environmental damage, lack of scientific certainty should not be used as a reason for 
postponing measures to prevent environmental degradation. 
This issue has also been addressed in the North American SETAC report on Life Cycle Impact 
Assessment (SETAC, 1997), which described two alternative views on environmental protection. 
The first ad4pt the principle that the environment has an "inherent value" and that any perturbation 
in natural systems is likely to have some adverse effect and must be justified. The other extreme is 
the "utilitarian" view which describe the environment solely in terms of discrete identifiable 
functions such as protection of biodiversity and maintenance of adequate energy and raw materials 
reserves. It is then argued that the analysis of the explicitly modelled classes of potential impacts 
is sufficiently broad, reliable, and conservative to capture all possible impacts and act as a reliable 
guide to decision making (SETAC, 1997). In general, all LCA characterisation methodologies 
lean towards the first general prevention view point, in that all burdens in the inventory are 
assumed to have a potential impact and only "zero" emissions will have no impact (Owens, 1997). 
LCA does not demonstrate any direct linkage between cause and effect, and the impact assessment 
results are only directional indicators which identify an issue or issues and establish trends over 
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time (Owens, 1997). This system should not exclude potential classes of adverse environmental 
impacts that can not be explicitly addressed because we lack the models or they have not yet 
occurred to us. In line with the general principles of LCA, it is therefore argued in this thesis that 
in the absence of definite causal links between low dose radiation and the various species in the 
non-human biota the precautionary principle should be adopted and an indicator which quantifies 
the potential disturbance in the natural environment due to releases of radioactive substances must 
be developed. Such a category will help to anticipate potential problem areas and is seen as 
particularly important when dealing with radiological emissions due to the uncertainty and 
controversy associated with low dose radiation'. This chapter describes the characterisation 
methodology developed for this Environmental Irradiation category, and an example of its use is 
given in Section 6.4. 
6.2 Characterisation methodology 
The characterisation methodology for Environmental Irradiation proposed in this thesis aims to 
give an indication of the health of the environment as a whole. The environment would in this 
context include the abiotic environment and the non-human biota. The methodology must also 
fulfil the following criteria: 
" the category must be integrated with the impact category developed for Human 
Irradiation, 
" it must be compatible with the other impact categories in LCA, and 
4' it must be applicable to a wide variety of species in the ecosystem. 
The main problem with developing an Environmental Irradiation category is the unknown 
radiosensitivity of the range of species of fauna and flora present in the ecosystem. A risk based 
methodology similar to that developed for Human Irradiation cannot be adopted due to the lack of 
knowledge of the effects of radionuclides on non-human biota. The Human Irradiation category 
described in Chapter 5 uses pathway models to find the radionuclide concentration in the various 
environmental media and then calculates the potential impact on human health by considering 
possible exposure routes such as the food chain and risk based dose-response relationships. The 
Environmental Irradiation category could in principle use the same pathways models to find the 
media concentrations of the radionuclides, but the final evaluation of potential impacts on the 
target system must differ as established conversion relationships do not yet exist for the large 
variety of plants and animals in the ecosystem. The framework relating these two impact 
categories is illustrated in Figure 6-1. 
1 The so-called "Low-dose paradigm" was discussed in Chapter 5. 
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Figure 6-1 Characterisation route 
In line with the other characterisation methodologies in LCA, the potential contribution to the 
Environmental Irradiation group by a specific radionuclide is determined by a characterisation 
factor which may be expressed as the product of an effect factor (E) and a fate factor (F): 
QEIi = Ej x Fi ..................................................................................................... (6-1) 
QEB Environmental Irradiation characterisation factor for radionuclide i 
Ej Effect factor for radionuclide i 
Fj Fate factor for radionuclide i which considers the route between the emission and 
the target system or receptor experiencing the effect 
As mentioned earlier and shown in Figure 6-1, the fate component is common for both the Human 
Irradiation and Environmental Irradiation characterisation groups. It uses the activity of the 
radionuclide emitted and determines the time integrated concentration, Cij, in the environmental 
media of concern using various pathway models. This approach was described in detail in Chapter 
5 and Appendix C. Using this environmental concentration, the contribution to the Environmental 
Irradiation category may be described by the following equation. 
SEH = CjjEjj ..................................................................................................... (6-2) 
SEH potential contribution to Environmental Irradiation category by radionuclide i (U) 
Cij radionuclide concentration in environmental media (Bq Y/M3 TJ) 
Eij effect factor for radionuclide i in media i (M3 /Bq y) 
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In the discussion on ecotoxicity in Chapter 3 (Section 3.4.3) it was highlighted that the fate 
calculations are used to find the concentration in the environment as a result of an emission, and 
that this is the basis for the potential impact. Hence, it is assumed that protection of the abiotic 
environment will also protect the biota (fauna and flora). This approach is also taken in this 
Environmental Irradiation category and the environmental concentration, Cij, is used to determine 
the potential effect on the ecosystem. This differs from the Human Irradiation categories, where 
the potential exposure routes to man are included before the potential impact on human health is 
quantified (see Chapter 5). 
The effect component will be different for the two impact categories (see Figure 6-1) and this 
chapter will describe the development of this factor for the Environmental Irradiation category. In 
the Human Irradiation methodology, the effect factor is a combination of the Screening Factor (in 3 
Sv/Bq y) and the probability of a detrimental health effect (Sv"). In the case of Environmental 
Irradiation, the effect component needs to relate the specific radionuclide concentrations to a 
potential impact or effect on the environment. As scientific knowledge about specific effects is 
lacking, it is proposed in this thesis that the factor should describe the disturbance and potential 
pollution of the environment as a whole. Such a category will not include strict stressor-effect 
linkages and will unavoidably bring subjective -judgements into the impact category definition. 
The possibility of introducing alternative qualitative approaches into LCA when causal links are 
not available was discussed by Owens (1996). It was argued that such approaches are acceptable 
within the LCA framework as long as all assumptions are made explicit and that the difference 
between this type of category and a more quantitative one is acknowledged during the 
interpretation of the results. This is the case with all the characterisation methods used in LCA, as 
they are unique for each impact category and the numerical indicators generated are not equivalent 
in value and accuracy across categories (Owens, 1996). These issues must be recognised in the 
valuation phase of a LCA and are ftirther discussed in Chapter 3. 
It is proposed in this thesis that the potential load on the environment may be estimated by basing 
the effect factor on increments in the baseline environmental concentration of different 
radionuclides in the environment. This concept was introduced in the early 1990's by Amiro 
(1993a) who presented a set of screening factors for the most important radionuclides in nuclear 
waste to identify potentially unacceptable concentrations arising from a nuclear waste disposal 
project. Amiro developed so-called "Environmental Increment" (EI) factors which are increments 
in the baseline environmental concentration of different radionuclides. The concentration of 
radionuclides in the abiotic part of the ecosystem varies in time and space, and this variability 
increases with increasing spatial and temporal scales. The scales and corresponding variability 
depend on the nature of the ecosystem (Amiro et al., 1993b). Amiro assumes that a definable 
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ecosystem has a temporal scale of greater than one year and a spatial scale of more than one 
hectare, and that variations within these scales are tolerated by the ecosystem. Smaller or shorter 
lived ecosystems may exist which are excluded by these boundaries, but they are not considered 
significant in assessing the health of the ecosystem. As the biota (flora and fauna) have always 
been exposed to some natural radionuclides in the environment, it is assumed that it can tolerate a 
range of concentrations within the local natural variability. It is arbitrarily assumed that an 
additional concentration of up to one standard deviation of the "background noise" is 
environmentally acceptable and equal to the EI (Amiro, 1993a). This could be set less stringently 
to two standard deviations or more stringently to some fraction of the standard deviation. Hence 
the EI factors represent the concentration that can be added to soil and water without causing 
detectable effects, and it is assumed that these values will ensure protection of the environment as 
a whole with no major changes to populations and communities of plants and animals. This 
bypasses the need for detailed knowledge about each population, community and ecosystem in the 
environment. 
The inventory of radionuclides currently present in the biosphere is determined by both natural 
processes and human activities, and may be divided into the following groups: 
9 Cosmogenically produced radionuclides: 
radionuclides produced in the atmosphere from cosmic energy interactions. These 
radionuclides are deposited on the earth's surface and those with sufficiently long half-life 
become part of the terrestrial and aquatic environment, e. g. Tritium (H-3) and Carbon - 14. 
Primordial radionuclides 
radionuclides with sufficiently long half-lives to be present since the formation of the 
earth, e. g. the Uranium -238 decay chain. 
4, Anthropogenic radionuclides 
radionuclides created by human activities that would otherwise not be found in appreciable 
quantities 2, e. g. Iodine-129, Plutoniurn-241 and Americium-241. 
For the most common radionuclides, the El values are found from spatial lognormal 3 or normal 
distribution data of the elements in the environment. Amiro assumes that prior to the 20th century 
only natural processes contributed to the radionuclide inventory. The cosmogenic and primordial 
radionuclides have substantial natural concentrations and it is assumed that measurements of 
2 It is important to note that spontaneous fission also occurs in nature and that small quantities of fission products are produced 
naturally (Amiro, 1993a). 
3a variable x has a lognormal distribution if the variable ln(x) has a normal distribution, i. e. normal on a logarithmic scale. 
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radionuclides in relatively unpolluted areas today reflect past concentrations and can be used as the 
baseline value. One standard deviation of the mean background estimate is considered to be the EI 
value. If standard deviations are not available through measurements, it is assumed that variability 
equals a constant fraction4 of the mean concentration and this is equated to the EL In the case of 
rare or virtually non-existent radionuclides or radionuclides which are only present due to human 
activities (anthropogenic radionuclides), baseline data is not available and the Els are based on 
data from other radionuclides with analogous chemical behaviour. For example 1-129 has very low 
natural concentrations due to its shoi4 half Nf@ but nuclear weapons testing has increased 
environmental levels globally. In this case, the stable 1-127 is used as an analogue to 1-129, and it 
is assumed that standard deviations of soil 1-129 concentration can be scaled with those of 1-127 
using an atom ratio of 10-9 1-129/1-127 (Amiro, 1993a). A detailed account of El estimates for 
around 65 radionuclides is given in Amiro (1993a). The EI values are mainly found for soil and 
freshwater and it is assumed that this will represent the terrestrial and aquatic biota as a whole. As 
the El methodology was originally developed to be able to assess solid waste disposal concepts, 
atmospheric El values are only reported for some noble gases. This is because atmospheric 
concentrations from solid waste will depend on the water and soil concentrations for most 
elements. This means that the El approach in the context of LCA is restricted to the assessment of 
solid waste and direct discharges to water except for the noble gases Ar-39, Kr-81 and Kr-85. 
This thesis proposes to use the El values discussed above as a basis for quantifying the potential 
impacts of radionuclides on the environment in the Impact Assessment phase in LCA. The EI 
values derived by Amiro (1993a) can be used as indicators of whether an area might become 
"polluted". The EI values are not necessarily related to toxic effect, and can only be treated as a 
screening tool which gives an indication of potentially harmful concentrations released to the 
environment. In effect, EI values are used as a conservative proxy for No Effect Level which is 
used in the Ecotoxicity category, in the absprice of direct ecotoxicological data. It uses the 
observation that variations within the EI values have no recognised ecotoxicological effect, but 
does not make any judgements about scientific threshold values. Hence, the El approach should 
not be interpreted as contradictory to the Human Irradiation approach which does not apply any 
regulatory limits due to the uncertainty of low dose radiation effects (see Chapter 5). 
In addition to relating the time integrated radionuclide concentration, Cij, in Equation 6-2 to the EI 
concentration of that radionuclide, it needs to be related to the time duration over which an effect 
may occur. In the Human Irradiation category the exposure time is included in the Screening 
4 The default value for cosmoggenically produced radionuclides is taken to be 14%. This is the spatial standard deviation for 
precipitation on the Ontario portion of the Canadian Shield which was studied by Amiro (1993a). 
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Factor (See Chapter 5). In the case of Environmental Irradiation, this thesis proposes that the 
concentration is related to the average time duration over which a radionuclide exists in a 
particular form. This time is defined as the 'life-time' of the radionuclide, ri , and is the reciprocal 
of the decay constant as follows: 
t1/2 
..................................................................................................... (6-3) Xi In2 
Aj decay constant for radionuclide i- the chance of radioactive decay of a given 
nucleus each year (y-1) 
Ti life-time for radionuclide i 
t1/2 half life for radionuclide i- time required for half of the nuclei to decay (y) 
The life-time is found from the general first-order equation for radioactive decay in a similar way 
to life-time for a substance in Chapter 3 (section 3.4.3). 
The reciprocal of the life-time of the radionuclide and the Environmental Increment factor is 
defined as the effect factor in equation 6-1 as follow: 
Eij =I..................................................................................................... (64) 
'riElij 
The Envirorunental Irradiation characterisation approach which has so far been discussed in this 
chapter may be summarised into three main steps as follows: 
Step 1 
The fate of the radionuclides when released to the environment is found by pathway models as 
described in Chapter 5. The inventory will distinguish between direct emissions to air and water 
and potential releases to the aquatic and terrestrial environment from solid waste. The fate 
calculations will then determine the additional concentration of radionuclides in the various 
environmental media that result from emission pulses as illustrated by the following relationship: 
Cij = a, yj ..................................................................................................... (6-5) 
Cij concentration of radionuclide i in mediaj (Bq Y/M3 TJ) 
a, activity of radionuclide i in inventory (Bq/TJ) 
Yij factor representing fate calculations for solid waste and direct discharges (Y/M3) 
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It is important to note that the above relationship is carried out explicitly in the Human Irradiation 
category for direct discharges, but not for solid waste (see Chapter 5, section 5.4.2). In the 
characterisation methodology for solid waste, the migration of radionuclides from a repository and 
the resulting dose to humans is determined in one step using site-specific characterisation factors. 
In the case of direct discharges, however, the environmental concentration, Cij, is found explicitly 
through pathway models before the dose to humans is determined using Screening Factors. This 
means that with the current waste characterisation methodology, the Environmental Irradiation 
category can only be applied to direct discharges. 
Step 2 
The contribution to the Environmental Irradiation category is found by comparing the radionuclide 
concentrations in the environment with the Environmental Increment factors using equations 6-2 
and 6-4 as follows: 
SEI ii = Cij Eij = Cij ................................................................................... 
(6-6) 
EIjjTi 
S EI ij potential contribution to Environmental Irradiation category from substance i in a 
specific environmental medium (I /TJ) 
C ij concentration of radionuclide, i, in air, water or soil (Bq Y/M3 TJ) 
E ij Effect factor (m3/Bq y) 
El ij Environmental Increment factor for substance i in a specific environmental 
medium (Bq /M 3 water/air or Bq/kg soil) 
life-time of radionuclide i (y) 
The final score in the Environmental Irradiation category compares the additional exposure 
concentration as a result of an emission pulse with the incremental concentration which represents 
the No Observable Effect Level. No account is taken of the potential effects of daughter products 
which may be more hazardous than the parent radionuclide. One example is U-234 which decay 
into the long-lived alpha emitters Th-230 and Ra-226, the gaseous Rn-222 and the toxic Po-210. 
Values for the effect component, Eij , for specific radionuclides are listed in Table D-1.2 in 
Appendix D. 
Step 3 
The total score in the Environmental Irradiation category is the sum of all the radionuclides in a 
specific medium. 
n 
SEI-' 7- SEI(media)j ........................................................................................ (6-7) j=I 
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This represents the total disturbance of the environment in relation to the baseline. It is important 
to remember that, as in all LCAs, the concentrations used in these calculations are per functional 
unit and no account is taken of cumulative additions of radionuclides from routine discharges over 
time. These may reach unacceptably high concentrations and the quantification of the total impact 
of the life of the site would require more detailed analysis such as Environmental Impact 
Assessment. 
6.3 Valuation 
The Environmental Irradiation category described above will be used together with the other 
Impact Assessment categories in LCA to develop an environmental profile of the system. Unlike 
most categories in LCA, however, it does not quantify the potential impact in relation to a 
predefined effect, but it quantifies the potential load on the environment as a whole. It is an 
anticipatory approach to environmental issues that may have unknown consequence at some future 
date. It does not address the likelihood of these potential impacts. When evaluating the 
environmental profile of the system, it will be difficult to know what weight to give such an impact 
score. As discussed in Chapter 3, this is a common problem related to all impact categories in the 
Valuation phase of an LCA. The assessment methodology suggested in this thesis will highlight 
potential problem areas and these will have to be further assessed using other tools in an 
environmental decision making process. The Environmental Increment approach would act as a 
first screening tool, and further evaluations may be carried out by calculating radiological doses to 
specific target organisms in the ecosystem. As mentioned earlier, established dose-response 
relationships do not exist for the large variety of plants and animals in the biota, but Amiro (1997) 
has estimated dose-rate conversion factors to calculate the radiological dose to some representative 
generic target organisms. The difficulty with using this, however, is that there is no guarantee that 
the indicator species which have been selected are the critical ones. It is useful, however, when a 
problem area or site has been identified and there is a need to assess doses to specific species in 
more detail. These doses can then be compared with recommended dose limits such that further 
judgements can be made about the potential impact of the emissions. 
When using the Environmental Irradiation category described in this chapter, several uncertainties 
associated with the Environmental Increment estimates must be acknowledged. As was discussed 
in Section 6.2, it is very difficult to determine the baseline values and variability for radionuclides 
which are rare in nature. Concentrations of these may not be measurable except in polluted areas 
near nuclear facilities. Several assumptions have been made in Amiro's derivation of EI values for 
these radionuclides and a closer inspection of these is recommended. Further, some of the values 
have been based on global measurements while others are mainly representative of the Canadian 
Precambrian Shield which is the basis for Amiro's study. The representativeness of the latter 
152 
Chapter 6 Radiological Impacts on the Environment 
values to other regions should also be reviewed, but it is believed that for the purpose of this LCA 
the EI values provide a suitable basis for screening the radionuclides in the inventory. The 
methodology identifies the radionuclides of importance for which further efforts should be 
allocated and it quantifies the potential load on the environment from these. This makes it possible 
to compare different scenarios with respect to their radiological burdens on the environment and 
this may highlight problem areas which differ from those shown by the Human Irradiation 
category. This is illustrated by the example in the next section. 
6.4 Case Study 
To illustrate the use of the impact assessment methodologies proposed in this thesis, the 
Characterisation factors for Human Irradiation and Environmental Irradiation have been applied to 
two different effluent streams from the British Nuclear Fuels (BNFL) reprocessing plant. The 
example compares an acidic and an alkaline low active effluent stream which are discharged 
within authorised limits to sea. The radionuclides considered are the anthropogenic radionuclides 
Tc-99, Np-237, Am-241,1-129, Pu-241 and Sr-90 which have been created by the fission reaction 
in the nuclear power reactor. It is assumed, for the purpose of this case study, that the acidic and 
alkaline effluent streams are discharged directly into the coastal waters near Sellafield. The 
resulting radionuclide concentrations, assuming complete mixing, are shown in Table 6-1. 
Table 6-1 Inventory data and environmental concentrations 
Inventory Data Concentration in coastal water 
Acidic effluent Alkaline effluent Acidic effluent Alkaline effluent 
Bq/TJ Bq/TJ Bq Y/M3 TJ % of total Bq Y/M3 TJ % of total 
Sr-90 1.93E+05 1.66E+05 4.99E-04 30% 4.29E-04 43% 
Tc-99 1.46E+05 2.82E+04 3.77E-04 22% 7.29E-05 7% 
1-129 9.7 1 E+03 1.72E+03 2.51E-05 I% 4.44E-06 0% 
Np-237 3.86E+02 7.36E+01 9.97E-07 0% 1.90E-07 0% 
Am-241 1.43E+03 1.03E+03 3.70E-06 0% 2.66E-06 0% 
, Pu-241 3.01E+05 1.91E+05 7.78E-04 
46% 4.94E-04 49% 
ITotal 6.52E+05 3.88E+05 1.68E-03 LOOE-03 
I 
The environmental concentrations in coastal waters around the discharge site are calculated from 
the inventory data using the pathway models described in Chapter 5 and Appendix C. The local 
marine environment include the Liverpool and Morecambe Bays, Cumbrian Waters and the 
Northeast Irish Sea, and the average depth of these waters is 22 meters (Wilkins et al., 1994). The 
water concentrations are found for a site which is 154 meters from the discharge point. This point 
is assumed to be a potential fishing site and the radionuclides are assumed to be uniformly mixed 
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in the vertical direction 5. The dilution of radionuclides will be the same for both streams as they 
are discharged to the same medium, and the concentrations will be the basis for the 
characterisation calculations in both impact categories. The fate component will therefore not be 
significant when comparing the impact scores for the two streams, and the environmental profile is 
totally dependent on the effect factors for the two radiation categories. 
The effect factors for the Human Irradiation and Environmental Irradiation category shown in Z! ) 
Table 6-1 and the difference between them is illustrated in Figure 6-2. 
Table 6-1 Effect factors for discharges to marine water 
Environmental Irradiation 
m3/Bq y % of total 
Human Irradiation 
3/Bq My % of total 
: Sr-90 8.22E-03 0% 2.22E- 10 0% 
1 
: Tc-99 1.6')E+00 
21% 4.08E- 10 0% 
J-129 9.48E-04 0% 1 9. OOE-09 1% 
I 
INP-2' )7 1.01E-02 0% 4.20E-07 
36% 
'Am-241 5.04E+00 65% 7.20E-07 63% 
Pu-241 1.09E+00 14% 1.20E-09 0% i 
Total 7.79E+00 1.1 5E-06 
The derivation of the Environmental Irradiation factors has been covered earlier in this chapter, 
while the Human Irradiation factors were discussed in Chapter 5. The weight that these indicators t: 1 
cyraph below (Figure 6-2). ive to the various radionuclides is illustrated by the 
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Figure 6-2 Human Irradiation and Environmental Irradiation effect factors 
See Appendix C for further details. 
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The Environmental Irradiation category gives much greater weighting to the isotopes Tc-99, Am- 
241 and Pu-241 in relation to the other radionuclides while the Human Irradiation category gives 
high weighting to Np-237 and Am-241 but not to Tc-99 and Pu-241. This means that when 
comparing Tc-99 and Np-237, for example, Tc-99 is considered to have potentially greater effect 
on the environment than Np-237. In the case of human health, however, this is reversed and Np- 
237 is considered to be potentially more harmful than Tc-99. Np-237 is given less weighting in the 
Environmental Irradiation category than Tc-99 as the mean background estimate for this 
radionuclide is 8. OE-05 Bq /M 3 and the variability is thought to be as large as 40%. In the case of 
Tc-99, the mean background estimate is lower, 1.5E-05 Bq /M3 , and the variability is only 14%. In 
the Human Irradiation category, Np-237 with a half-life of 2 million years is given a high 
weighting as it is soluble and mobile in its most stable form. This radionuclide is considered to be 
one of the most significant alpha-emitters in terms of potential long-term hazard (Wilson, 1996). 
The main pathway to humans is through the accumulation in bone and liver of animals. Tc-99, a 
beta-emitter, has a half-life of 0.2 million years and its screening factor is 1000 times lower than 
Np-237 in the marine environment. This is because the main exposure pathway for Tc-99 is 
through accumulation in milk, and discharge to sea reduces the amount passing through the food 
chain significantly. The weighting of these radionuclides in the two impact categories will have 
significant bearing on the example described in this section. 
The contribution to each impact category was found by multiplying the radionuclide 
concentrations shown in Table 6-1 with the effect factors in Table 6-1 according to equation 6-2. 
The environmental profile and final scores are shown in Table 6-2. 
Table 6-2 Environmental profile for radiation categories 
Environmental Irradiation Human Irradiation 
Acidic effluent Alkaline effluent Acidic effluent Alkaline effluent 
I/Tj I/Tj I/Tj I/Tj 
Sr-90 4.1 OE-06 3.53E-06 1.11 E- 13 9.52E-14 
Tc-99 6.17E-04 1.19E-04 1.54E-13 2.97E-14 
1-129 2.38E-08 4.2 1 E-09 2.26E-13 4. OOE-14 
Np-237 LOIE-08 1.92E-09 4.19E- 13 7.99E-14 
Am-241 1.86E-05 1.34E-05 2.66E- 12 1.92E-12 
Pu-241 8.5 1 E-04 5.40E-04 9.33E-13 5.92E- 13 
Total 1.49E-03 6.76E-04 4.50E-12 2.75E-12 
Difference 55% 39% 
The results in Table 6-2 show that the acidic effluent stream has a potentially greater impact on 
Human Health and the Environment compared to the alkaline stream. This is not surprising as the 
acidic stream has the higher activity concentration of radionuclides. More interestingly however, 
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is that the difference is greater for Environmental Irradiation than for Human Irradiation, because 
certain radionuclides are considered to have a proportionately greater impact on the environment 
than on human health. The main contribution to this difference comes from the radionuclides 
shown in Figure 6-2 that vary significantly between the two impact categories, i. e. Tc-99, Np-237 
and Pu-241. Tc-99 and Pu-241 which are weighted strongly in the Environmental Irradiation 
category have relatively high concentrations in the acidic effluent stream, 22% and 46% 
respectively, while Np-237 which is particularly important in the Human Irradiation category has a 
fairly low concentration. Further, the difference in radionuclide concentration for Tc-99 in the two 
streams is 81%, and this radionuclide therefore has a significant impact on the outcome of this 
exercise. 
This approach implies no relative valuation of Human Irradiation and Environmental Irradiation. 
On both grounds, reducing emissions of the acidic stream takes priority over the alkaline stream. 
However, if the acidic stream can be reduced by 39% or more, subsequent priorities depend on 
whether human or ecological effects are considered to be more important. Thus, in the specific 
case of these two effluent streams from THORP, the methodology proposed here helps to define 
the decisions which must be made in assessing and improving environmental performance. It has 
been shown that for some radionuclides, the potential impacts on the environment may differ from 
the priorities taken to protect human health. When adapting the precautionary principle in 
environmental management, these issues should be highlighted as the potential consequences of 
low dose radiation are still unknown. 
6.5 Summary 
This chapter has proposed a new characterisation methodology for assessing the potential impacts 
of radionuclides on the environment as a whole. Together with the Human Irradiation category 
proposed in Chapter 5, a new framework has been made available for including radionuclides in 
the LCA Impact Assessment phase. The Environmental Irradiation category is recommended as 
there is a need to assess the potential impacts of radionuclides on the non-human biota in addition 
to human health. This is often neglected as it is perceived that if human health is protected the rest 
of the ecosystem is inherently safe. Due to the poorly understood effects of low dose radiation, 
however, it is argued in this thesis that a precautionary approach should be taken and that a 
category which quantifies the health of the environment should be included. The proposed 
methodology is consistent with the other impact assessment procedures in LCA and is based on a 
weighting factor which expresses the potential contribution by different radionuclides to the 
category. This factor consists of a measure for environmental protection, the Environmental 
Increment (EI) values, and a fate factor which is related to the volume of dilution of the 
radionuclides. The Environmental Irradiation category can easily be applied to systems involving 
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the release of radioactive material, and provides an indication of the potential impacts resulting 
from irradiation of the environment. Although it does not relate the radionuclides to a known 
effect, it provides a useful comparison in terms of whether the radiation risk situation of the non- 
human biota has significantly changed in relation to the background radiation. 
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Applications of the LCA model 
7.1 Introduction 
This thesis has so far covered how the Life Cycle Assessment of the Nuclear Fuel Cycle has been 
developed. The final LCA model looks at the fuel cycle in a holistic way and highlights potential 
areas of environmental concern. It may be used in strategic environmental planning and decision 
making together with other environmental management tools, to compare two or more alternative 
systems with respect to their environmental performance. This chapter describes some of the 
applications of this tool using three case studies: a scoping study that was carried out using 
publicly available data, a case study investigating two different spent fuel management strategies 
and a study to illustrate the application of the tool in process design. The different case studies are 
only assessed up to and including the Impact Assessment phase. The environmental profiles are 
discussed, but no decisions can be based on these alone. The final Interpretation phase of LCA 
must be carried out and other non-environmental criteria such as cost and safety must be 
considered in an overall decision making process before any conclusions can be reached (see 
Chapter 3). 
The first scoping study was conducted at an early stage in the project to explore potential problem 
areas in the Nuclear Fuel Cycle and the strengths and weaknesses of publicly available databases 
and current LCA methodology in assessing such a system. The study makes use of the software 
Simatool which has been designed and programmed at Leiden University in the Netherlands 
(CML, 1995). It was developed to support Life Cycle Assessment studies and therefore follows 
the LCA framework established by SETAC. This software is applied rather than the software 
PEMS 3 which is used in the other case studies, because the Simatool database is primarily based 
on the energy systems inventory developed by the Swiss Federal Institute of Technology (ETH) 
and the Paul Scherrer Institute (PSI) (ETH & PSI, 1994). This database, which is currently the 
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most detailed environmental inventory of nuclear systems, was reviewed in Chapter 2 of this 
thesis'. 
The two latter case studies in this chapter have been carried out using the model developed in this 
thesis in conjunction with the LCA software PEMS 3 and a suitable database for the background 
system. This is because the fuel cycle inventory which is presented in Volume 2 of this thesis only 
includes data for the foreground processes. The database used to describe the background system 
is primarily contained within the software, but in some cases other sources have been used to fill 
data gaps. PEMS 3 is based on Excel and is therefore easy to link with the LCA in this thesis. The 
two databases have not been joined, however, because the software is not designed to take 
radionuclides into account. The Impact Assessment is therefore carried out in two stages. First 
the foreground system is assessed using the inventory and methodology developed in this thesis, 
then the background system consisting of material and energy inputs is assessed using the PEMS 3 
software. The results are linked in the final stages of Impact Assessment. The Simatool software 
is not used to describe the background system in these case studies as it is based on a different 
computer operating system, OS/2, and the database can not easily be joined with the one developed 
in this thesis. The ETH database which is present in Simatool is not available in PEMS 3, 
however, and the first scoping study which required foreground data for the Nuclear Fuel Cycle 
could not have been carried out using this software 2. 
For future use of the LCA model developed in this thesis, it is recommended that the software 
PEMS 3, or the more updated version PEMS 4, is applied together with the model. In order to 
make the assessment procedure more user-friendly, however, the inventory set-up should be 
changed within PEMS such that the two databases can be joined and the new characterisation 
factors developed for radionuclides in this thesis may be added to the LCA Impact Assessment 
template in PEMS. This would make it possible to perform the whole LCA within the software. In 
doing this, however, it is important not to aggregate and lose the level of detail which is present in 
the inventory developed in this thesis, as this allows the tool to be used in process design and 
improvement assessments. One of the drawbacks with the commercial software is that data is 
often aggregated over a whole process plant and information regarding individual unit steps is lost. 
The Impact Assessment in Simatool and PEMS 3 is based on the approach recommended by 
SETAC and ISO, and the environmental interventions are quantified according to their 
.,, y 
data in Simatool is from the first edition of the ETH inventory (ETH & PSI, 1994). An updated version of this is now The ener. - 
available but has not yet been included in the software database (ETH & PSI, 1996). 
2 The new version of PEMS, PEMS 4, includes some of the ETH data. It has been aggregated into overall electricity supply modules, 
however, and a detailed analysis of electricity production in the foregTound system can not be carried out. 
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contribution to a specific effect group using the methodology described in Chapter 3. The most 
recent developments in characterisation factors for Ecotoxicity and Human toxicity, discussed in 
Chapter 3, are not used as these have not yet been developed for all toxic substances. This means 
that the fate of the toxic substances in the environment is not taken into account 3. The impact 
categories and their units are summarised Table 7-1. 
Table 7-1 Impact categories in Pems 3 and Simatool 
Impact category Units Comments 
Abiotic depletion kg1kg Different methodology in PEMS 3 and 
Simatool (see below) 
Human toxicity kg body Subdivided into air, water and soil 
weight 
Ecotoxicity in 
3 Subdivided into water and soil. Different 
factors in PEMS 3 and Simatool (see below) 
Acidification kg S02 Sulphur dioxide equivalent 
Nutrification kg P04 Phosphate equivalent 
(Eutrophication) 
Ozone depletion kgCFCjj chlorofluorocarbon equivalent 
Greenhouse effect (100 yr) kg C02 Carbon dioxide equivalent 
Photochemical Smog kg CH2-CH2 Ethylene equivalent 
Smell kg N113 Ammonia equivalent 
It is important to note that there are some differences between the two software packages with 
respect to some of the impact categories. Abiotic depletion in Simatool is based on so-called 
reserve-base values. The reserve base is defined as that part of an identified resource which could 
potentially be exploited because it meets minimum physical and chemical criteria related to current 
mining and production practices (Lindfors et al., 1995). The weighting factor is defined as the 
inverse of the reserve base. In PEMS 3 only coal, gas and oil reserves are considered in the 
resource depletion category. These are all related to the oil reserves to give oil equivalent values. 
The Abiotic depletion category in Simatool and ME 3 can therefore not be directly compared. 
This has been addressed in the case study in Section 7.3 by considering several different ways of 
assessing resource depletion and looking at the difference in results. The Ecotoxicity categories in 
the two software packages seem to be based on the same characterisation values. Under closer 
investigation, however, the factors in Simatool are multiplied by 106 . The reason for this is not 
made clear in the software documentation. Finally, PEMS 3 includes factors for both direct and 
3 See discussion in Chapter 3. 
4 The resource depletion category in the more recent PEMS 4 is based on the "reserve-to-use ratio" approach. This is a modified 
reserve-base approach which considers the ratio of the reserve of a resource (kg) and the current global consumption of that resource 
(kgtyr). The characterisation factor is the inverse of this ratio (f). 
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indirect Greenhouse effect. All compounds which can absorb infra-red radiation in the atmosphere 
will have a direct effect. Compounds such as NOx and CH4 which will affect the concentration of 
tropospheric ozone will have an indirect effect as ozone is a greenhouse-gas (Lindfors et al., 1995). 
The Intergovernmental Panel on Climatic Change (IPCC) no longer recommends the use of the 
latter values as they are thought to be uncertain, and the indirect Greenhouse effect category is not 
included in any of the assessments in this chapter. 
The above discussion has highlighted some of the differences in characterisation methodology 
between Simatool and PEMS 3. There are also differences with regards to the number of 
substances which are assessed in each category. These issues must be born in mind if any of the 
results in the different case studies are compared. Radiological burdens are not included in the 
Impact Assessment in any of the commercial software packages discussed above as no 
methodology has been available to assess these burdens in LCA. This thesis proposes two new 
impact categories, Human Irradiation and Environmental Irradiation, which will take both direct 
discharges of radioisotopes and radioactive solid waste into account. The new characterisation 
methodology, described in detail in Chapter 5 and 6, is only used in the two latter case studies in 
this chapter as the first scoping study was carried out to explore current LCA methodology as 
recommended by SETAC and ISO. The limitations which were found are addressed in the 
subsequent case studies using the LCA model and methodology developed in this thesis. 
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7.2 Scoping study 
The scoping study presented in this section has been carried out to try to apply the existing Life 
Cycle Assessment (LCA) methodology to the Nuclear Fuel Cycle using publicly available data and 
the commercial LCA software Simatool. The functional unit in this study is I TJ electricity 
supplied from a Pressurised Water Reactor (PWR) operating under UCPTE conditions. The 
UCPTE (Union pour la co-ordination de la production et du transport de 1'61ectricit6) is the 
European association of electricity generating and transmission companies and covers Austria, 
Belgium, France, Germany, Greece, Italy, Luxembourg, the Netherlands, Portugal, Spain, 
Switzerland, and ex-Yugoslavia. A once-through Nuclear Fuel Cycle is assumed and the following 
processes are included in the foreground system: mining (underground and open pit), milling, 
conversion, enrichment (gaseous diffusion and centrifuge), fuel fabrication, power production and 
spent fuel reprocessing. Operational data are based on selected Swiss power plants and the 
associated energy chain. Data from these plants are extrapolated to other plants using the average 
load factors, bumups and enrichments valid for the majority of European BWRs and PWRs 
(Frischknecht, 1994). For the remaining steps of the nuclear chain, data has mostly been extracted 
from the literature, especially of US origin (Frischknecht, 1994). For the enrichment step, it is 
assumed that 90% of nuclear power plants in UCPTE countries, including Switzerland, are 
supplied by the diffusion plant Eurodif in Tricastin, France, and that the rest are supplied by the 
three Urenco gas centrifuge plants in Germany, Great Britain and the Netherlands. It is important 
to note that the data for the different facilities are not site-specific, but average values from several 
different data sources. The material and energy feeding into the different stages are taken from the 
background system, and electricity inputs, for example, are based on the average European supply 
mix. The inventories for the linked materials, energy supply and emissions to air and water for 
each of the stages in the foreground system are listed in Appendix E. In order to explore the use of 
Simatool and available data to conduct a LCA of the Nuclear Fuel Cycle, two different scenarios 
are considered: 
Case 1: Open fuel cycle - direct disposal of spent fuel and no reprocessing. 
Case 2: Closed fuel cycle -9% of the uranium in the fuel elements originates from 
reprocessing. 
The scenarios represent two different spent fuel management strategies in the Nuclear Fuel Cycle 
and these are illustrated in Figure 7-1 and Figure 7-2. 
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In both scenarios, 70 % of the uranium ore is extracted from an opencast mine and 30 % from an 
underground mine. The uranium ore is passed on to uranium milling and the resulting uranium 
concentrate (yellow cake) is converted to uranium hexafluoride in the fuel production facility. In 
Case 2, however, 9% of the uranium concentrate is substituted with recycled uranium from spent 
fuel reprocessing5. The environmental impacts of reprocessing as well as the possible avoided 
burdens from less uranium mining are in this way introduced to the fuel cycle. It is assumed that 
the recycled uranium only passes through the fuel cycle once. A second reprocessing of this 
material is possible, but is constrained by the high specific heat output of Pu-238 (Wilson, 1996). 
Reprocessed uranium includes U-236 which is enriched together with U-235. During irradiation in 
a second cycle, the U-236 is converted via Np-237 to Pu-238. The increased Pu-238 content and 
the resulting heat output would make the fuel unacceptable for transport. Other limitations of 
multiple recycling is the build-up of U-232 and U-234 which would cause unacceptable doses in 
the fuel manufacturing plant. Hence, reprocessed uranium will only be used for one cycle and then 
stored pending selective enrichment techniques capable of removing U-232, U-234 and U-236 (see 
Appendix A). It has been shown that 9% recycled uranium in a PWR cycle at equilibrium will 
guarantee the required dilution requirements in the fuel (Wilson, 1996). Due to lack of data, none 
of the processes are changed to account for the addition of reprocessed uranium in this case study. 
In reality, however, the fuel manufacturing processes will need to take into account the increased 
radioactivity associated with reprocessed uranium due to traces of fission products and transuranic 
species in the material (Wilson, 1996). Further, as the recycled uranium is more highly enriched 
than that derived from ore, less enrichment is required and there is scope for energy savings in this 
facility. The reprocessing step in Case 2 is only added on to the fuel cycle in Case I and the loop 
is not closed with respect to the spent fuel from the PWR reactor (broken arrow in Figure 7-2). 
Hence, the use of reprocessing in Case 2 is only considered for the purpose of producing recycled 
uranium and not as a waste management option for spent fuel. This is a limitation of the case 
study, necessitated by the way the various process stages are set up in Simatool. In the case study 
in Section 7.3, this will be addressed and the spent fuel will be recycled. 
The two scenarios defined above may be compared by looking at the environmental profile from 
the Impact Assessment phase. The comparison in this case study only assesses burdens associated 
with chemical and energy inputs and does not include any radiological impacts. Although 
radionuclides are reported in the inventory, Simatool does not take into consideration radioactive 
emissions in the Impact Assessment stage due to lack of a methodology. The potential burdens 
from radioactive waste are not included in the assessment either, and the repository sites are only 
assessed as far as construction and maintenance are concerned. These problems will be further 
5 The open and closed fuel cycles are discussed in Chapter 2. 
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investigated in section 7.3. using the data and methodology compiled and developed in this thesis. 
The results from the Impact Assessment of Case I and Case 2 are summarised in Table 7-2. 
Table 7-2 Environmental profiles of Case I and Case 2 
Impact Category Case 1 Case 2 
Abiotic depletion kg/kg 4.84xlO-9 (48%) 4.48xIF' -(52%) 
Human toxicity ka body weight 27.83 (51%) 28.92 (49%) 
Ecotoxicity (aquatic) M3 4.85xlO (49%) 4.57x105 (51%) 
Acidification kg S02 21.75 (51%) 22.52 (49%) 
Nutrification k- Phosphate 1.501 (50%) 1.504 (50%) 
Ozone depletion k. - CFCI I 
IX10-4 8. (51%) 8.36xlO-4 (49%) 
Greenhouse effect (100 yr) kg 
C02 1999 (52%) 2190 (481/o) 
Photochemical Smog kg Ethylene 0.113 (52%) 0.122 (48%) 
, 
Smell M3 1.87x107 (53%) 2.09xl 07 (47%) J 
Note: The values in brackets describe the relative contribution to the impact score by each facility 
Case I no incorporation of reprocessed uranium 
Case 2 incorporation of 9% reprocessed uranium 
The environmental profiles do not give any indication of the importance of the different 
environmental impact groups, but the comparison shows the potential effects of utilising 
reprocessed uranium and indicates whether the change in spent fuel management strategy has 
caused improvements in any of the categories. The scores in each category have not been 
normalised and may not be compared to each other due to the different units. In order to compare 
the two scenarios, the relative contribution to each category by Case I and 2 are shown in brackets 
in Table 7-2. These values are calculated by taking the contribution to a category by one scenario 
and dividing it with the sum of the contributions by both scenarios. Hence the values only indicate 
the size of the contributions in relation to each scenario and cannot be compared across categories. 
The relative contributions are illustrated in Figure 7-3. 
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Figure 7-3 Relative contributions to the impact categories by Case I and Case 2 
It can be seen from the above figure that none of the scenarios scores better in all impact 
cate-ories, and as no weight of importance is given to any specific category one can not conclude 
that there is a preferred spent fuel management option. The scores in the Ablotic depletion and 
Ecotoxicity groups are clearly reduced when 9% recycled uranium is added to the PWR fuel, 
while the other impact groups are increased. When investigating the environmental profile in more 
detail, the main contributors to the different effects can be found. Abiotic depletion is reduced in 
Case 2 as less uranium is required due to the reprocessed substitute and the Ecotoxicity category is 
improved due to reduced heavy metal emissions from the mining and milling sites. The increased 
environmental impacts in the other categories in Case 2 are mainly caused by the higher energ gy 
consumption from the background system when reprocessing is added to the fuel cycle. A detailed 1 -1 
breakdown of the impact assessment results is given in Appendix E. 
When interpreting these results, it is important to look in more detail at the inventory data which is 
the basis for this assessment and the impact assessment methodology used in the software. The 
inventory includes material and energy input required for process operations as well as capital 
equipment. In Case 2, a reprocessing facility is added to the system and the material and energy 
associated with the commissioning of this facility will have a significant impact on the outcome of 
the study. If the case study only investigated the current operation of the fuel cycle, the 
environmental profile might look different. It is not made clear in the software what proportion of 
the burdens is attributable to the commissioning of the facilities and what is due to the operation of 
them. Further, reprocessing is treated as an extra process step to produce recycled uranium from 
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spent fuel to avoid some of the burdens from the mining and milling step. The other function of 
reprocessing, however, is as a waste management step for the spent fuel from the power reactor. It 
replaces direct disposal of this fuel and in order to compare the open and closed fuel cycles the 
burdens associated with direct disposal of spent fuel needs to be compared with those that arise 
from reprocessing of the material. The information available in the Simatool database is not 
sufficient to allow this to be further explored. Closer investigation of the inventory also shows 
several gaps in the data used. For example, there is no data on chemical inputs to the spent fuel 
reprocessing step. In addition, the data has been collected from different sources and extrapolated 
where necessary. Facilities such as mining and milling are highly site-dependent as discussed in 
Chapter 4 and these issues are not made transparent. Finally, the environmental profile found in 
this scoping study does not address any of the radiological burdens that may arise from the 
different scenarios. The reliability of this case study is questionable due to the limitations of the 
software, the database and the LCA methodology as identified above. The same fuel cycle 
scenarios will therefore be ftirther investigated in the next case study in Section 7.3 using the LCA 
model and methodology developed in this thesis. 
7.2.1 Sensitivity of LCA to fuel mixes 
The UCPTE electricity mix, which is used for background energy, is based on statistics for 1990 
issued by the United Nations, the European Community, and by other Swiss and Austrian sources 
(Frischknecht, 1994). The European mix differs significantly from the UK electricity mix which 
uses more fossil fuels (Table 7-3). 
Table 7-3 Fuel mixes (Frischknecht, 1994 & PIRA, 1995) 
Electricity Mix Nuclear Hydro Hard Coal Brown Coal Oil Gas Other 
UK (%) 
UCPTE 
24.10 
36.20 
2.00 
15.20 
62.20 
18.30 
N/A 
10.50 
8.50 
9.60 
2.70 
9.50 
0.40 
0.70 
Data for the production of electricity from the different fuel types is contained within the software 
Simatool. It must be remembered that the limitations with respect to the assessment of the Nuclear 
Fuel Cycle that have been discussed earlier in this section also apply to the nuclear component in 
the electricity mix. Due to the apparently high dependence on energy consumption in this 
assessment, the sensitivity of the reprocessing facility to different fuel mixes has been investigated 
more closely. The influence of energy supply on the environmental profile in Case 2 is assessed 
by comparing the original two scenarios with reprocessing using the UK electricity mix: 
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1. Open fuel cycle, no reprocessing 
2. Closed fuel cycle, reprocessing using UCPTE electricity mix 
3. Closed fuel cycle, reprocessing using UK electricity mix 
The above scenarios will highlight whether the study is only applicable to the Swiss conditions 
under which it has been developed or whether it is also relevant to the fuel cycle in the UK. The 
contributions of the three scenarios to the various impact categories are shown in Table 7-4. 
Table 74 Environmental profile of different electricity supply scenarios 
Impact Category no reprocessing ! reprocessing 
w/UCPTE mix 
reprocessing 
w/UK mix 
Abiotic depletion 1 4.84xlO-9 (35%) 4.4 8x 10-9 (32%) 4.48E-09 (32%) 
uman toxicity 27.83 (32%) 28.92 (34%) 1 29.22 (34%) 
cotoxicity (aquatic) 4.85x105 (35%) 4.57xlO5 (33%) 
i 
! 4.61E+05 (33%) 
cidification 21.75 (32%) 22.52 (34%) 22.75 (34%) 
utrification 1.501 (33%) -0 1.504 (33%) 1.53 (34%) 
zone depletion 8. lxlO-4 (3 3 1ýo) 8.4x 10-4 (34%) 8.4x 104 (34%) 
reenhouse effect (100 yr) 1999 (31%) 2190 (34%) 2227 (35%) 
hotochemical Smog 0.113 (31%) 0.122 (34%) 0.124 (35%) 
inell I 1.87xl 
07 (31%) 1 2.09xl 07 (35%) 
1 
2.08E+07 (34%) 
Note: The values in brackets describe the relative contribution to the impact score by each facility 
The relative contributions to each category by the three scenarios have been calculated in the same 
manner as in Table 7-2 to be able to plot them on the same graph and more clearly show the 
difference in values. This is illustrated in Figure 7-4. 
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Figure 7-4 Difference between UCPTE and UK electricity mix 
A difference in contribution between the UK and UCPTE electricity mixes appear in most 
categories except for Abiotic depletion and ozone depletion. It is important to note that the UK 
scenario only represents a small incremental change in electricity mix in the system as only the 
consumption by the reprocessing facility has been changed in these scenarios, while the electricity 
mix associated with the production of materials entering this facility from the background system 
remains the same. The general trend is that the UK fuel mix contributes more to all the categories 
as a result of higher fossil fuel usage. The only exception is the category for smell, where the 
difference arises because the highest contribution comes from hydrogen sulphide (HS) in natural I- 
gas and the proportion of gas used in UCPTE countries is more than three times that used in the I Zý 
UK. It must be remembered that the nuclear proportion in both electricity mixes is poorly assessed 
as the radiological burdens are not taken into account. The above trends show that the assessment 
is to a certain degree restricted to national boundaries, but that III the case of comparing 
reprocessing or no reprocessing the differences are not so great that they would change the general 
environmental profile shown in Figure 7-3). 
7.2.2 Summar, 
The case study described in this section was carried out during the earlier parts of this project. It 
highlights that the use of reprocessed uranium in a closed fuel cycle has some advantages as it 
reduces the amount of mining and milling required and reduces the environmental interventions in 
the Abiotic depletion and Ecotoxic impact categories. On the other hand, it increases the L- 
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environmental interventions in all the other impact categories. Important knowledge has been 
gained from the LCA with respect to where the main environmental interventions arise and how 
these burdens may be shifted when the fuel cycle is changed, but a decision on a preferred fuel 
management strategy can not be made without further assessments. The radiological burdens 
arising in the cycle must be taken into account and supporting information is required about social 
and economic implications of the different fuel cycles. This can only be carried out as part of a 
multi-criteria decision analysis. 
This scoping study demonstrates the possible use of Life Cycle Assessment for the Nuclear Fuel 
Cycle and highlights several data gaps and methodological limitations which have subsequently 
been addressed in this thesis. The ETH database used in Simatool is at the time of writing the 
most detailed environmental inventory for nuclear systems that is publicly available and the data 
gaps that have been found underline the need for future co-operation with nuclear operators to be 
able to describe more realistically the Nuclear Fuel Cycle. For example, more transparency is 
required with respect to which burdens result from commissioning and decommissioning and 
which arise from normal operation. Information is also needed on the change in processes when 
recycled uranium is used in the fuel manufacturing and enrichment facilities. The above exercise 
also emphasises the need for improved methodology on aspects such as radioactive solid waste and 
radionuclide emissions in the impact assessment. These issues have been covered in this thesis 
and the case study in section 7.3 will address them using the models that have been developed in 
Chapters 5 and 6. The ETH database in Simatool only covers the inputs and outputs for each 
major step in the Nuclear Fuel Cycle using data averaged over several different sites. It does not 
allow detailed assessment of technological differences or dependency of the assessment on site- 
specific issues. The significant impacts such issues may have are shown in the next case study in 
section 7.3. 
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7.3 Recycling of reprocessed uranium 
The scoping study described in section 7.2 highlighted several shortcomings in the assessment 
methodology and the data available for the various stages in the fuel cycle. The following case 
study compares the open and closed fuel cycle scenarios in a similar manner to the scoping study, 
but it applies the data and methodology developed in this thesis. It therefore differs from the 
previous study in the following respects: 
" It considers specific facilities in the fuel cycle and allows site-dependent issues to be 
made transparent 
" It looks at the normal operation of the facilities and does not include commissioning 
and decommissioning 
" It considers reprocessing in the context of producing uranium for the fuel cycle as well 
as a waste management step for the spent fuel 
" It considers radiological impacts as well as non-active impacts 
" It includes the burdens associated with radioactive solid waste. 
The Life Cycle Assessment model developed in this thesis allows a detailed analyses of the 
environmental impacts arising from mining and milling of uranium, reprocessing in the closed fuel 
cycle and those of direct disposal of spent fuel in the open fuel cycle. The sites considered are 
reprocessing at Sellafield and mining and milling at R6ssing in Namibia and Ranger in Australia. 
These sites are described in more detail in Appendix A. Two mines are included in this case study 
to illustrate the significant influence that site-dependent parameters such as ore grade have on the 
assessment. The disposal of solid radioactive waste is assumed to take place in a deep repository 
near Sellafield. The assessment also considers the environmental interventions associated with 
energy and materials entering the sites. Data for these are taken from the database within PEAE 3 
and the ETH inventory report6 . Electricity for the reprocessing plant is supplied by the UK 
national grid (see Table 7-3) while the R6ssing Uranium mine is supplied by the Namibian and 
South African grid (assumed to be mainly hard coal) and the Ranger mine has its own electricity 
generation plant driven by diesel. A summary of the different inventory reports for the main 
facilities considered in this case study is given in Appendix E and a full inventory is included in 
Volume 2 of this thesis. In contrast to the scoping study in Section 7.2, energy and materials 
required for commissioning of the various facilities are not included in this LCA as the aim of the 
study is to assess the normal operation of the fuel cycle (see chapter 4). The two studies can 
therefore not be directly compared. The study will allow the investigation of potential "avoided 
burdens" (see Chapter 3) from the mining and milling step if some uranium is replaced by recycled 
6 PEMS and ETH databases for background system are discussed in Chapter 4. 
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uranium and the potential avoided burdens when different spent fuel management strategies are 
chosen. The case study does not consider the change in processing in the fuel manufacturing and 
enrichment stages as a result of using recycled uranium. The newly commissioned "New Oxide 
Fuel Complex" (NOFC) at Springfields has been designed to also handle reprocessed oxide fuel, 
but emission data from this manufacturing line is not yet available. Enrichment of reprocessed M 
uranium by centrifugation can be carried out by the same processes as natural uranium as long as 
assays are kept separate and cross contamination is avoided (see Appendix A). The contaminants 
generally follow the enriched product rather than the tails and any changes in emissions from the 
site as a result of processing the recycled uranium are not thought to be significant for this case 
study. The case study presented in this section differs significantly from the previous scoping 
study in that radiological burdens associated with direct discharges and solid radioactive waste are 
taken into account using the methodology proposed in Chapters 5 and 6. 
The open and closed fuel cycle scenarios, illustrated in Figure 7-5, are defined as follows: 
Case 1: Open fuel cycle direct disposal of spent fuel and no reprocessing 
Case 2: Closed fuel cycle spent fuel is sent for reprocessing and 9% recycled 
uranium replaces uranium from mining 
Case I Open fuel cycle Case 2 Closed fuel cycle 
Mining and Mining and 
Milling MillLng 
6.96 kg uranium mnium , O % U, 6.33 kg uranium 91 % uranium 
: . M . in U03 
f, 
in U03 from ore 
Fuel Fuel 
Manufacturing 0.63 kg uranium 9% reprocessed Manufacturning 
in M uranium 
Nuclear Power 
I 
we NuclearPower Reprocessing 
I 
Reactor t Reactor 
0.82 kg 
jI 
0.19 kg U 0.82 kg U 
Spent fuel I Tj Reprocessed Spent fuel for I Tj 
fordisposal electricity Uranium for reprocessing electricity 
storage 
Figure 7-5 Block diagram of Open and Closed fuel cycle scenarios 
The Life Cycle Assessment model is used to generate an environmental profile of the active and 
non-active impacts from the two scenarios. The functional unit in both cases is the production of I 
TJ of electricity from a PWR reactor. The mass balance calculations and the inventories for each 
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site are included in Appendix E. The LCA in Case I is based on the production of 8.25 kg 
uranium ore (U30g) per TJ electricity while Case 2 also accounts for the reprocessing of 0.82 kg 
uranium in spent fuel per TJ electricity7. In the latter case, the recycled uranium is mixed with 
fresh uranium once the ore (U308) has been converted to U03. The total amount of uranium in 
U03 required in the fuel per TJ is 6.96 kg. Similarly to the scoping study, it is assumed that 9% of 
the uranium used in the fuel is recycled and that it only passes through the fuel cycle once. This is 
equivalent to 0.63 kg recycled uranium in U03 used in the further production of fuel elements. As 
the spent fuel from the reactor stage contains 0.82 kg uranium per TJ electricity which may be 
recovered in reprocessing, there is a net accumulation of reprocessed uranium that is sent for 
storage. 
The Impact Assessment is carried out in two stages. First the non-active burdens associated with 
reprocessing and uranium mining and milling are assessed using the LCA software package PEAE 
3. The active burdens are then assessed using the characterisation methodologies developed in this 
thesis. The presentation of the results is also twofold. First the environmental profiles for the two 
facilities are compared as this illustrates the main problem areas for each fuel cycle stage. 
Secondly, the open and closed fuel cycle routes are compared. This is carried out by not including 
any reprocessing in Case I while in Case 2 the reprocessing facility is added to the system, the 
uranium is recycled and the demand for uranium concentrate from mining is reduced by 9%. 
7.3.1 Non-active burdens 
The Impact Assessment for the non-active burdens has been carried out using the PEMS 3 template 
which was discussed in Section 7.1. The environmental profiles for the non-active burdens 
associated with the main facilities considered in this case study are shown in Table 7-5. These 
scores are related to I TJ of electricity and the inventories which are the basis for the impact 
assessment are summarised in Appendix E. The environmental profiles represent the contribution 
to the different impact categories from each facility and will be used in the assessment of the open 
and closed fuel cycles. 
7 See fuel cycle material balance in Chapter 4, Figure 4-2. 
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Table 7-5 Environmental profiles - non active burdens (1/TJ) 
Impact Categories THORP 
reprocessing plant 
I 
R6ssing I 
uranium mine 
Ranger 
uranium mine 
Fossil reserve kg Oil 9.04E+00 (5%) 9.3 OE+O 1 (55%) 6.80E+01 (40%) 
depletion 
Abiotic depletion kg/kg 2.39E-14 (OVO) 4.88-09 (50%) 4.88E-09 (501/o) 
(reserve base) 
Abiotic depletion year 0.1713+00 ON 1.58E+00 (49%) 1.49E+00 (46%) 
(reserve-to-use) 
Human toxicity k. body 
I 
8.3 8E-0 1 (4%) 2.0713+0 1 (87%) 2.28E+00 (100/0) 
weight 
Ecotoxicity In 
3 1.4 1 E-05 (6%) 2.87E-05 (12%) 1.94E-04 (82%) 
(aquatic) 
Acidification kg, SO 2 7.03 E-0 I (4%) 1.74E+01 (87%) 1.85E+00 (9 */0) 
Nutrification kg Phosphate 2.5613-02 (6%) 3.04E-0 1 (75%) 7.5313-02 (19%) 
Ozone depletion kg CFC, 5.97E-04 (6%) 9.8 1 E-03 (93%) 1.75E-04 (2%) 
Greenhouse effect kg C02 5.55E+01 (6%) 7.40E+02 (75%) 1.90E+02 (191/0) 
Photochemical kg Ethylene 3.29E-03 (8%) 1.59E-02 (37%) 2.38E-02 (55%) 
Smog 
Note: 'lhe values m brackets describe the relative contribution to the impact score by each facility 
Further to the discussion in section 7.1 regarding the resource depletion category in PEAE 3, two 
Abiotic depletion categories have been added to the assessment template, because the standard 
Impact Assessment template in PEMS 3 only assesses fossil fuel reserves. The first Abiotic 
depletion category is based on the reserve-base approach used in Simatool which also includes 
depletion of uranium. This category gives relatively low weighting to resources such as coal, oil 
and gas and considers only a limited number of resources which meets the minimum physical and 
chemical criteria for extraction. The second Abiotic depletion category is based on the reserve-to- 
use method which is used in the new version of PEMS. This approach considers reserves that can 
profitably be extracted at current prices and this category gives uranium a weighting factor 
between oil and natural gas. There is not a recommended method for assessing resource depletion 
in LCA and as the different approaches give widely different results, care must be taken when 
interpreting the results in this impact group. Other differences between the scoping study and this 
study that should be noted at this point are that the Acidification scores are 106 times lower than in 
the previous study due to a difference in scale for the relevant characterisation factors, and the 
Greenhouse effect scores are lower as fewer substances are taken into account in the PEMS 3 
template. One category which is available in the PEMS 3 template, but which has not been 
included above, is landfill volume. This is because the environmental interventions associated 
with landfills are not characterised in this category and the waste volumes are only added up 
regardless of type. This problem with current LCA methodology was discussed in Chapter 3. The 
contribution to this category by any facility in the fiiel cycle would be insignificant in comparison 
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to the large volumes of waste rock or over-burden resulting from mining of uranium ore (see 
material balance, Chapter 4). Unlike the mill tailings which are considered to be Low Level 
radioactive waste and which require special impoundments for disposal, the waste rock is often 
idered barren and of no environmental concern. The large volumes of this waste from mining consi I Z-1 zn' 
however, may be a source of leaching of, for example, heavy metals (see Appendix A). Due to 
limited data on the composition of this waste and the lack of a methodology for characterising 
solid waste in LCA, landfills as such have not been further considered in this case study. 
Radioactive solid waste, however, will be assessed in Section 7.3.2. 
The relative contributions to each category from the different sites which are shown in brackets in 
Table 7-5, are calculated by taking the contribution to a category by one facility and dividing it tn 4: 1 
with the sum of all the scores in that category. Hence the values only indicate the size of the 
contributions in relation to each facility and cannot be compared across categories. This makes it 
possible, however, to plot the individual impact categories together as illustrated in Figure 7-6. Zý C, -- 
0 Reprocessing M Minmg-Rossing 0 Mýiing-Ranger 
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Figure 7-6 Comparison of environmental profiles 
The R6ssing Uranium mine is the highest contributor to almost all the categories. This is due to 
the low grade of the ore from this mine and the correspondingly high energy and materials 
consumption in the milling step. The Ranger uranium mine has significantly less impact due to its 
hiCYher grade ore. The only exceptions are the high contributions to the Ecotoxicity and 0 Z: ý =1 
Photochemical Smoa catecyories. The difference between the two mines in the Ecotoxicltv impact 
group is a result of R6ssing's strict water management strategy which means that there are 
essentially no recorded effluents from the site. This highlights the site-dependent nature of an 
assessment of mining and milling. The high contribution by Ranger to Photochemical Smoo 
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reflects the different type of energy supply to the two mines: the Ranger mine uses diesel-driven 
alternator sets while the R6ssing mine is mainly supplied by coal-fired power stationS8 . The 
reprocessing plant, THORP, generally contributes less to each category than the mining sites. The 
exception is ozone depletion where THORP scores higher than the Ranger mine. This is again 
related to the energy source used and will be discussed further below. 
The non-active assessment surnmarised in Table 7-5 includes the environmental interventions 
associated with all inputs to the plants such as electricity and chemicals, and all non-active outputs 
to air and water. When looking at the environmental profiles in detail, it can be seen that the most 
important contributor to the environmental interventions is the electricity consumption (see raw 
data in Appendix E). The percentage contribution by electricity to the impact score in each 
category for each site in Table 7-5 is listed below (Table 7-6). 
Table 7-6 Electricity contribution to the impact categories (% of total score) 
Impact category THORP 
Reprocessing 
Rbssing 
Uranium mine 
Ranger 
Uranium mine 
Fossil reserve depletion 71% 27% 59% 
Human toxicity 90% 83% 38% 
Ecotoxicity (aquatic) 88% 3% 89% 
Acidification 90% 83% 36% 
Nutrification 74% 77% 63% 
Ozone depletion 89% 95% 12% 
Greenhouse effect 83% 77% 64% 
, Photochemical Smog 87% 
82% 92% 
For the reprocessing plant, the burdens associated with electricity consumption contribute on 
average around 80 % to the different impact categories, while for the mining sites the contribution 
varies considerably. In the case of THORP, the environmental profile is therefore very much 
dependent on the amount and type of electricity feeding into the processes on the site. This 
dependence is lower for the mining and milling stages as these also have a high consumption of 
other materials such as explosives and sulphuric acid which also contribute to the impact scores. 
Hence, when trying to reduce the non-active burdens from reprocessing, energy efficiency of the 
processes may be prioritised, while in the case of the mining and milling sites, reduction of other 
material inputs is of equal importance. It can be seen from the inventory tables in Appendix E, 
that the material consumption during reprocessing is not as high per TJ. It must be kept in mind 
that these figures do not reflect total consumption at the site over time, but consumption related to 
the functional unit. The resource extraction stages handle significantly more uranium per TJ than Z; 
a Electricity to the Rossing Uranium mine is also supplied by hydro power, but data for this electricity source in PEMS 3 is very limited 
and has not been included in this case study. 
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the reprocessing stage. This analogy is often identified in Life Cycle Assessment studies of 
service systems such as electricity production where there is an increase in environmental 
interventions as one moves up the material chain. 
Similarly to the case study in Section 7.2, the closed fuel cycle illustrated in Figure 7-5 may be 
compared to the open fuel cycle by reducing the impacts of mining in Table 7-5 by 9% and adding C) 
the burdens of reprocessing. The resulting scores are shown in Table 7-7. The two mining and 
milling sites are kept separate in order to show the site-dependency of the environmental profiles. 
Table 7-7 Comparison of Open and Closed loop fuel cycles 
I 
Impact Category I 
i 
Open loop Open loop 
(mining @ ROssing) (mining @ R2nger) 
Closed loop 
(mining @ Rossing) 
Closed loop 
(mining @ Ranger) 
Fossil reserve 9.30E+01 (50%) 6.8013+01 (49%) 9.37E+01 (50%) 7.10E+01 (51%) 
depletion 
Abiotic depletion 4.8811-09 (52%) 4.88E-09 (52%) 4.44E-09 (48%) 4.44E-09 (48%) 
(reserve base) 
Abiotic depletion 1.58E+00 (50%) 1.49E+00 (49%) 1.61E+00 (50%)- 1.52E+00 (51%) 
(reserve-to-use) 
Human toxicity 2.07E+01 (5 1 'Yo) 1ý2.2813+00 (44%) 1.97E+01 (49%)11 2.91E+00 (56%) 
Ecotoxicity 2.87E-05 (42%) 1.9413-04 (50%) 4.0313-05 (58%)' 1.9113-04 (50%) 
(aquatic) 
Acidification 1.74E+01 (5 1%) 1.8513+00 (44%) 1.66E+01 (49%); 2.38E+00 (56%) 
Nutrification 3.0413-0 1 (50%) 7.5313-02 (44%) 3.02E-01 (50%)ý 9.41 E-02 (56%) 
Ozone depletion 9.8 1 E-03 (51%) 1.75E-04 (19%) 9.52E-03 (49%) 7.56E-04 (81%) 
Greenhouse 7.40E+02 (50%) 1.90E+02 (45%) 7.2913+02 (50%)l 2.29E+02 (55%) 
Photochemical 1.59E-02 (47%) 2.3813-02 (49%) 1.7813-02 (53%)! 2.50E-02 (51%) 
, Smog I 
I 
I 
Note: The values in brackets describe the relative contribution to the impact score by each facility 
The relative contributions by the two fuel cycle scenarios to the various impact categories are 
shown in brackets. These are illustrated in Figure 7-7 for mining at R6ssing in Namibia and Figure 
7-8 for mining at Ranger in Australia. 
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Figure 7-8 Open and closed fuel cycles (mining at Ranger) 
The two comparisons above show that the open and closed fuel cycle scenarios are greatly 
dependent on site-specific issues. In Figure 7-7 the open fuel cycle show improvements in some 
categories while in others the closed fuel cycle scores better. In Figure 7-8, however, the open fuel Z__ 
cycle is favourable in almost all categories assessed. This is a result of the difference between the 
R6ssing and Ranger uranium mines. Although these facilities employ similar mining practices and 
milling, technology, their burdens are very dependent on the uranium concentration in the ore: as 
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was discussed in Chapter 4, the ore grade at R6ssing is approximately 0.03% while at Ranger it is 
ten times higher. This influences, for example, the amount of explosives used in mining and the 
amount of sulphuric acid used for leaching. 
In the case of the R6ssing Uranium mine, the main differences between the open and closed fuel 
cycles are in the categories for Ecotoxicity and Photochemical smog. The closed fuel cycle has the 
hi her impact and this is related to the increased energy consumption by the fuel cycle when the 
spent fuel is reprocessed. In the case of Ranger, however, the closed fuel cycle has the lower 
impact in the Ecotoxicity group due to the effluents from the mine which are significantly reduced 
in this scenario. Further, the impact of the closed fuel cycle is much less in the category for 
Photochemical smog than in the R6ssing comparison, because the energy consumption at Ranger is 
lower than at R6ssing. In Figure 7-8, the closed fuel cycle also contributes considerably more to 
the impact category for ozone depletion than the open fuel cycle, due to the relatively high score in 
this category from reprocessing as shown in Figure 7-6. The difference is associated with the 
energy source feeding into these facilities: electricity for reprocessing is assumed to be supplied by 
the UK grid while the energy source for mining and milling at Ranger is diesel. The former has a 
higher emission of ozone-depleting VOCs than the latter. Data for these energy sources are taken 
from the database in PEMS 3. The fossil fuel reserves category and the Abiotic depletion category 
using the reserve-to-use approach give comparable results which reflect the energy consumption in 
the fuel cycle. As the use of fossil fuels for electricity generation in the fuel cycle is greater than 
the uranium extracted (see inventory in Appendix E), these categories show a slight increase in 
impact from the closed fuel cycle scenario due to the increased energy consumption. The avoided 
burdens from less uranium mining in the closed fuel cycle are only apparent when using the 
reserve-base approach which gives much higher weighting to the depletion of uranium resources. 
This difference in resource depletion categories was not transparent in the scoping study in Section 
7.2 which was based on the reserve base approach in the Simatool software. This emphasises the 
need to standardise the characterisation factors used in LCA for resource depletion9. 
In general the assessments illustrated in Figure 7-7 and Figure 7-8 show that reprocessing in the 
closed fuel cycle can contribute positively and avoid some of the burdens from uranium mining 
and milling at either R6ssing or Ranger. The level at which this is achieved is dependent on the 
mine chosen for the assessment. In the case of R6ssing, avoided burdens are gained in several 0 
categories (e. g. Abiotic depletion (reserve base), Human toxicity, Acidification, Nutrification, 
Ozone depletion and Greenhouse effect), while in the case of Ranger there are only improvements 
9 The need to standardise the characterisation factor used to describe resource depletion has also been identified as an important 
research area in the LCANet programme (Finnveden et al., 1997). 
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in the Abiotic depletion (reserve base) and Ecotoxicity categories. The results for Ranger are 
comparable to the case study in Section 7.2, while the R6ssing results are widely different. This 
highlights the site-dependency of the mining and milling facilities and the danger of aggregating 
data in the way it has been done in the ETH database. Divergent results may be obtained in an 
assessment depending on the site chosen to represent this stage of the fuel cycle. The model 
developed in this thesis therefore includes two sites with very different site-dependent 
characteristics. By assessing both the sites in this case study, it has been shown that the 
advantages of the closed fuel cycle with respect to non-active burdens become more apparent as 
the uranium resources become more depleted. 
731 Active burdens 
The radiological interventions arising from the different facilities have been characterised using 
the methodologies developed in this thesis. The Human Irradiation category for direct discharges 
includes sub-categories for freshwater, marine water and air. The impact values are interpreted as 
the annual risk of a detrimental health effect for an individual in a critical group. The scores in the 
sub-categories are kept separate in the environmental profile in the interest of transparency, but 
may be aggregated into one score for Human Irradiation. The Human Irradiation category for solid 
radioactive waste is divided into each type of waste as well as a distinction between normal and 
intrusion scenarios. The final impact values include the probability for these scenarios to occur, 
and these values may be interpreted in the same way as for the direct discharges. Finally, an 
Environmental Irradiation category is used to describe the potential pollution of the ecosystem as a 
whole. Due to methodological restrictions, this category is only used to assess the direct 
discharges to water media' 0. 
Spent fuel reprocessing gives rise to various categories of radioactive solid waste as well as 
radioactive emissions to air and water. These burdens are well documented and characterisation 
has been carried out for all the sub-groups in the Human Irradiation category as well as for the 
Environmental Irradiation category. In the case of mining and milling, however, information on 
active discharges from the sites and radiological impacts from the mill tailings is more limited. At 
the R6ssing Uranium mine, there are no reported effluents due to their strict water management 
strategies (see Chapter 4). The Ranger mine reports some controlled releases of effluents from 
their storage ponds. These releases occur during periods of heavy rainfall and only when the flow 
conditions in nearby rivers are acceptable, in order to minimise the risk to humans. The air 
emissions reported at R6ssing and Ranger are all non-active, except for radon (Rn-222) releases. 
10 See discussion in Chapter 6 
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Other radionuclides of importance which have not been included are the long-life (x-emitters in the 
ore dust such as U-238, U-234, Th-230-, Ra-226 and Po-210 (see Appendix A). With respect to 
radioactive waste from R6ssing and Ranger, the mine tailings are classified as LLW, but no details 
of the composition of the tailings could be obtained from the sites. Due to the incomplete data 
from the R6ssing and Ranger Uranium mines, information from the ETH inventory (ETH & PSI, 
1996) has also been used to supplement the information. This is referred to as the "ETH Uranium 
mine" and is based on average values collected from literature. The data mainly originate from 
mines with comparable ore grade to the Ranger Uranium mine, and an assessment of the ETH 
Uranium mine should give results which are representative of opencast mining of medium to high 
grade deposits. One part of the fuel cycle which was not included in the scoping study in section 
7.2 was the disposal of spent fuel. If the open fuel cycle is chosen, the spent fuel will eventually 
be sent to a deep repository similarly to that for the HLW waste. When reprocessing the spent 
fuel, this is an avoided burden that needs to be taken into account when assessing the closed fuel 
cycle. The calculations and assumptions made for each impact category are described in Appendix 
E. 
Direct dischames 
The main radiological burdens arising from direct discharges from the reprocessing plant and the 
mining facilities are listed in Table 7-8. 
Table 7-8 Human Irradiation - Direct discharges (1/TJ) 
Human Irradiation: THORP Rdssing Ranger ETH 
Direct discharges Reprocessing Uranium Uranium Uranium 
mine mine mine 
Marine 1.20E-09 VfA N. A N/A 
Freshwater N/A N/A 2. OOE- 13 8.20E-09 
Air 3. OE-1 I 6.40E-1 I 3.60E-12 9.40E- II 
. 
Tot I risk (TJ-1) 1.20E-09 6.40E-1 1 3.80E-12 8.30E-09 
Note: ýee Appenuix t: lot calculations ana assumptions wnen interpreting mese values 
--- - 
N/A_ Not applicable to the site 
In the case of direct discharges, the total risk to Human health is lower for the R6ssing and Ranger 
uranium mines. This can not be considered to be a general trend, however, due to the site- 
dependency and uncertainty of the data. As mentioned earlier, there are no recorded effluents 
from the R6ssing site, while at the Ranger site effluents are generally collected in ponds and 
evaporated or irrigated during the dry season. The only effluent data available where those of one 
controlled release of effluent from the tailings dam in 1994/95. Data on air discharges from 
R6ssing and Ranger are constrained to radon releases and the potential impacts from ore dust have 
not been included. In order to add to this information, data from the ETH inventory has also been 
assessed. The ETH mining data include data for several radionuclides in the air and effluent 
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discharges. The disadvantage of this data is that the values are averaged over several sites and 
site-dependent parameters are not available for the assessment of these discharges. For the 
purpose of this case study, the site-dependent conditions are assumed to be those of Ranger (see 
Appendix E). It can be seen that in the case of the ETH mine, the risks from direct discharges are 
comparable to those of THORP. If the assessment had been carried out based on total activities 
only, the outcome would have been very different (see Table 7-9). 
Table 7-9 Aerial and liquid discharges from THORP and the ETH mine 
Radionuclides 
Liquid discharges I 
THORP ETH mine 
Bq/TJ Bq/TJ 
Screening 
factors 
Sv m3/Bq y 
Aerial discharges 
THORP ETH mine 
Bq/TJ Bq/TJ 
Screening 
factors 
Sv m3/Bq y 
Am-241 5.50E+03 1.20E-05 3.58E+01 1.00E+00 
C-14 1 3.60E+05 1.40E-07 2.92E+05 2.60E-04 
Ce-144 2.79E+05 4.70E-08 9.63E+03 5.20E-03 
Co-60 2.45E+05 1.30E-05 1.26E+04 1.7013-0 1 
Cs-134 7.28E+05 3.90E-07 2.41E+04 1.30E-01 
Cs-137 2.26E+06 8.70E-07 6.38E+04 2.20E-01 
H-3 8.58E+06 5.20E-13 1.78E+07 1.90E-06 
1-129 1.02E+06 1.50E-07 2.82E+04 5.60E-01 
Kr-85 3.11 E+06 5.10E-13 2.6ý1 2.80E-09 
Mn-54 2.50E+04 8.10E-07 
Nb-95 4.40E+03 8.80E-08 
Np-237 3.88E+03 7.0013-06 6.76E-0 I 1.30E+00 
Pu-241 2.8 1 E+06 2. OOE-08 2.65E+05 2. OOE-02 
Ru-106 1.08E+07 1.90E-07 5.10E+04 9.60E-03 
Sr-90 2.24E+06 3.7013-09 4.56E+04 1.90E-01 
Tc-99 1.8 1 E+05 6.80E-09 2.50E+01 3.4013-02 
Zr-95 4.20E+02 3. IOE-07 
Cm-244 1.26E+03 5.40E-0 I 
Pm-147 1.07E+03 3.20E-04 
Ra-226 1.54E+08 4.70E-06 2.10E+04 8.30E-01 
Th-230 5.74E+06 3.70E-07 2.1 OE+04 4.90E-0 I 
U-238 2.24E+06 1.80E-07 2.03E+04 2.90E-01 
U-234 6.79E+04 8.10E-08 2.03E+04 3.10E-01 
U-235 3.50E+03 3.90E-07 9.80E+02 3.4013-01 
Po-210 2.1 OE+04 1.60E-01 
Pb-210 2.1 OE+04 I 7.10E-01 
Rn-222 F-1.96ET09 5.50E-04 
, Total 3.26E+07 1.60E+08 2.67E+11 2. OOE+09 
In the case of aerial discharges, the total activity in the THORP emissions is more than 100 times 
greater than the total activity in emissions from the milling facility. The contribution to the 
Human Irradiation category shown in Table 7-8 does not reflect this as the radionuclide which 
contributes almost 100% to the THORP activity (Kr-85) has significantly smaller screening factor 
than the radionuclide, Rn-222, which is the major contributor to the activity from the ETH mine 
(see shaded areas in Table 7-9). In the case of liquid discharges, the situation is reversed, and the 
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total activity in effluents from the ETH mine is 5 times greater than effluents from THORP. As 
the average value of the screening factors for the radionuclides in the two effluent streams is 
similar, the contribution to the Human Irradiation category also works out to be approximately 5 
times greater for the ETH mine than for THORP (see Table 7-8). The difference between the 
liquid and aerial discharges with respect to screening factors illustrate that no conclusions can be 
based on the total activity of a discharge stream alone. 
The environmental profiles discussed above show that the radiological burdens associated with the 
direct discharges from mining and milling are similar to those of spent fuel reprocessing and in the 
comparison of an open and closed fuel cycle, reprocessing will reduce some of the burdens from 
mining. The total burdens in the open fuel cycle, however, are still slightly lower than in the 
closed fuel cycle as shown in Table 7-10. 
Table 7-10 Human Irradiation in the Open and Closed fuel cycle (THORP and ETH mine) 
Human Irradiation (TJ") Open fuel cycle Closed fuel cycle 
(direct discharges) 8.27E-09 8.78E-09 
Note: Open fuel cycle no reprocessing, mining only r, Closed fuel cycle reprocessing + mining reduced by 9% 00 
The scores for direct discharges in the Human Irradiation category may be compared with 
Environmental Irradiation which has been assessed for the direct discharges to the water 
environment from THORP, Ranger and the ETH mine (Table 7-11). 
Table 7-11 Environmental Irradiation - Direct discharges (1/TJ) 
Environmental THORP RBssing Ranger ETH 
Irradiation: Reprocessing Uranium Uranium Uranium 
Direct discharges mine mine mine 
Water 8.80E-03 NIA 1.20E-07 1.10E-05 
Note: See Appendix E for calculations and assumptions when interpreting these values 
N/A Not applicable to the site 
The results illustrate how the assessment of potential environmental impacts may be very different 
from the human impacts. Effluents from THORP score higher than both the Ranger and ETH mine 
in the Environmental Irradiation category. Although the impacts from the ETH mine were 
comparable to THORP in the Human Irradiation category, they are a lot lower in the 
Enviroranental Irradiation category. This is due to the fact that the effluents from the ETH mine 
contain only naturally occurring radionuclides, while the effluents from THORP contain different 
radionuclides created during the fission of nuclear fuel in the reactor. According to the 
methodology developed in Chapter 6, the latter are considered to be potentially more harmful to 
the ecosystem. 
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Radioactive solid waste 
In addition to the direct discharges, the two fuel cycles give rise to several categories of 
radioactive waste which must be isolated in repositories for long term safety. Both reprocessing 
and mining contribute to the category for LLW, but the waste management practices are different. 
THORP disposes of the waste to an engineered repository at Drigg, while the mine sites dispose of 
the mine tailings to special impoundments on site. Table 7-12 summarise the human health risk 
associated with the various types of solid waste from THORP and from the disposal of spent fuel. 
The disposal of mine tailings has not been included as site-specific models for these as well as the 
composition of the tailings could not be obtained from R6ssing and Ranger. This is discussed 
further below and the results of a generic model are shown in Table 7-13. 
Table 7-12 Human Irradiation - solid waste (I/TJ) 
Human Irradiation: THORP Direct disposal of 
Solid Waste Reprocessing Spent fuel 
Disposal at Drigg LLW - normal evolution 4.60E-16 
LLW - Intrusion 50 yrs 3.00-15 
LLW - Intrusion 300 yrs 7. IOE-16 
Deep repository in clay ILW - Intrusion 100 yrs LOOE-14 
ILW - Intrusion 300 yrs; 1.0013-16 
Deep repository in clay HLW - normal evolution 4.2013-16 1.03E- II 
(HLW) & granite HLW - Intrusion 100 yrs; 1.6013-16 5.78E-19 
, 
(spent fuel) 
Note: See Appendix E for calculations and assumptions when interpreting these values 
N/A Not applicable to the site 
In general, the human health risks from solid waste are considered to be lower than from direct 
discharges (see Table 7-8). In the case of 1HLW and spent fuel, the doses received from the 
intrusion scenarios are high but the probabilities of occurrence of the scenarios are low. Hence, 
the risks from intrusion in Table 7-12 are lower than from the normal evolution of the repository. 
The disposal of spent fuel is found to have a higher risk than disposal of vitrified waste in the 
normal evolution scenario. This is due to the high inventory of Tc-99 in spent fuel and the 
assumption that this will be released rapidly from the fuel into groundwater (see Chapter 5). In the 
case of LLW, the risk resulting from intrusion after 50 years (after closing of repository) is greater 
than the normal evolution scenario. Intrusion after 100 years, however is lower than normal 
evolution as the peak time for risk for some radionuclides in a LLW repository is between 50 and 
100 Years. The highest risk is considered to arise from possible intrusion to a ILW. 
Due to the limited data available for the mill tailings arising from R6ssing and Ranger and lack of 
site-specific models to assess these, the mill tailings from the ETH mine have been assessed using 
a conservative screening model for the disposal of radioactive waste to a landfill (see Chapter 5). 
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In order to make comparisons with the LLW arising from THORP, the disposal of this waste has 
been assessed using the same models. The results of this assessment are shown in Table 7-13. 
Table 7-13 Human Irradiation - LLW 
Human Irradiation: THORP ETH 
Solid Waste Reprocessing Uranium mine 
LLW - not site-specific 4.24E-07 7.34E-04 
(worst case scenario) 
Note: bee Appcnaix t ror calculations ana assumptions wnen interpreting tnese values 
Unlike the assessment of LLW from THORP in Table 7-12, the above comparison does not 
consider engineered barriers such as grouting and waste containerisation or site-specific issues 
such as climate, geology and demography. In addition, the models assume a worst case scenario 
where site occupation is taking place on the disposal site and drinking water is abstracted from a 
well at the site (see Chapter 5). This would be highly unlikely in the case of the R6ssing tailings 
dam, for example, which is situated in an and area in the Namib desert. The total activity in the 
ETH mine tailings is higher than that of the THORP waste, and in the conservative assessment 
above, the human risk associated with the former is significantly higher than the LLW from 
THORP (see Appendix E). The disposal of mill tailings can therefore be identified as a "hot spot" 
in the fuel cycle, and improved models are required to assess this stage further. The total impact of 
solid radioactive waste from reprocessing as shown in Table 7-12 cannot be compared with those 
from the mining sites before the mine tailings can be assessed with site-specific models. Hence, an 
assessment of the open and closed fuel cycles with respect to solid radioactive waste is very 
dependent on a more detailed assessment of the waste from mining and milling. 
7.3.3 Summary 
This case study has investigated more closely the environmental interventions associated with the 
open and closed fuel cycle strategies using the model and methodology developed in this thesis. 
No weighting has been given to any of the non-active and active impact categories. The 
comparisons shows that the recycling of reprocessed uranium can reduce several of the non-active 
environmental interventions associated with mining and milling, but that the assessment is 
influenced by site-dependent issues for these facilities. When looking at the low ore grade 
uranium mine in Namibia the closed fuel cycle provides an improvement in several of the 
categories, while in the case of the higher ore grade mine in Australia the open fuel cycle scores 
better overall. Any firm conclusions with respect to the radiological burdens are difficult to make. t) 
The difference between the reprocessing facility and the mines when assessing direct discharges is 
very small, and the outcome is again heavily dependent on site-specific issues. In the assessment 
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of radioactive solid waste, the disposal of uranium mine tailings is recognised as a "hot-spot". 
This stage of the fuel cycle must be looked at in more detail using site-specific models. Data 
limitations have been identified with respect to the R6ssing and Ranger uranium mines, and the 
assessment of the ETH mine is carried out using conservative estimates and data averaged over 
several mines. Hence, the environmental profiles of active burdens must be examined more 
closely before a general conclusion can be made. Consideration should also be given to the 
uncertainty of estimating the risks from solid waste disposal (see Chapter 5) and sensitivity 
analysis should be carried out on the site-dependent parameters used in the screening models. 
The study in Section 7.2 of this chapter can not be directly compared to this case study due to 
differences in goal and scope of the studies, data sources and characterisation methodologies. The 
study carried out using Simatool includes commissioning and decommissioning of the facilities 
while this study concentrates on the normal operation of the fuel cycle. The former is more 
relevant when considering the introduction of new facilities to the fuel cycle or the liability which 
is left at the end of the operational life. These are important issues which must be considered 
separately. If they are included in the assessment of normal operation, however, they may skew 
the results unless it is transparent what interventions are allocated to them. The inventory in the 
first scoping study is based on data which is averaged over several different sites. This obscures 
site-specific issues such as those highlighted in this case study with respect to mining and milling. 
In many cases average data is acceptable, in particular for the background system, but in an 
assessment of mining the site-dependency of the environmental interventions must be taken into 
account. The characterisation methodology varies between the two studies because different 
software packages have been applied and the new methodology introduced in this thesis is 
included in the latter study. Both the Simatool and PEMS 3 software base their characterisation 
methodology on the methods described in Chapter 3, but for some categories such as resource 
depletion different assumptions are made. The new impact categories introduced in this thesis for 
radiological interventions make it possible to include the active burdens in the assessment. A 
decision can not be based on non-active interventions only, and the inclusion of the Human 
Irradiation and Environmental Irradiation categories provide important information about the 
direct discharges and solid waste arising at the different facilities. This case study has highlighted 
several hot spots in the system that needs further attention, and it has illustrated how the LCA 
developed in this thesis can be used in assessing the environmental impacts associated with 
different fuel cycle scenarios. The other main application of the LCA model is in process and 
system design. This is illustrated in the next case study in Section 7.4. 
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7.4 Process selection 
The following case study investigates the outcome of applying the Life Cycle Assessment model to 
a hypothetical re-routing of solid waste arising from the Thermal Oxide Reprocessing Plant 
(THORP) at Sellafield. This illustrates the use of LCA in process selection for Clean Technology. 
A Clean Technology solution must overall use less resources and cause less environmental damage 
than alternative means with which it is economically competitive (Clift, 1995b). The 
environmental profile determined in this study highlights where in the system the greatest 
environmental interventions arise, and whether the process change increases burdens elsewhere in 
the cycle. This information can be combined with technical and economic feasibility studies to 
determine whether the proposed process or change in process fulfils the criteria for Clean 
Technology. 
The THORP plant is divided into two sections known as "Head End" and "Chemical Separation". 
Figure 7-9 shows the main processes in the separation of uranium and plutonium from spent fuel in 
these two sections, and the resulting production of Intermediate (ILW) and High Level Waste 
(HLW). 
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Figure 7-9 Simplified diagram of Intermediate Level Waste (ILW) and High Level Waste 
(HLW) arisings from THORP 
When the PWR spent fuel is received at Sellafield it is stored and cooled in the fuel pond for about 
five years. It is then transferred to the Head End Plant where the de-bottled fuel is sheared as 
complete fuel-rod assemblies before it is dissolved in hot nitric acid. The Hulls (undissolved 
residues consisting mainly of fuel cladding) are treated as Intermediate Level Waste (ILW). The 
Off-gas is sent to the Dissolver Off-Gas system (DOG) which recovers much of the nitrogen oxide 
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as nitric acid before a caustic scrubber removes Carbon-14, Iodine-129 and any residual nitrogen 
oxides. Carbon-14 is subsequently removed from the scrubber liquor by precipitation, and the 
precipitate is transferred to the encapsulation plant as ILW. The fuel solution from the dissolver is 
sent through a centrifuge to remove the insoluble fission products and the cladding fines. The 
centrifugation cake (ILW) is encapsulated, while the filtrate is fed to the Chemical Separation 
Plant. The ILW arising from the Head End of THORP is mixed with cement in stainless steel 
drums and then stored awaiting final disposal in an underground repository. The throughput of the 
encapsulation plant is typically 8 drums of Hulls and 4 drums of ILW slurry per day. 
The Chemical Separation plant in THORP separates the uranium, plutonium and fission products 
in the fuel solution and further purifies the uranium and plutonium products. The THORP solvent 
extraction process utilises pulsed columns in the uranium/plutonium separation and plutonium 
purification areas, and mixer-settlers for uranium purification. In the first column the uranium and 
plutonium are extracted into the solvent while the majority of the fission product activity (more 
than 99.9%) remains in the aqueous phase. The fission products are routed to the Highly Active 
Waste treatment plant and then to the Vitrification Plant for conversion into solid form (HLW). 
The highly active liquor is first sent through a calciner to produce a fine dry powder. This is 
mixed with crushed glass in a ratio of 25% waste to 75% glass, melted and then poured into 
product containers. This reduces the volume of liquid waste to one third of its original volume and 
renders it more safe and suitable for eventual transport and disposal. 
Takina the current streams in THORP, one option that has already been studied by BNFL is the 
routing of the centrifuge cake to vitrification rather than cementation. There are considerable 
technical and engineering difficulties with such a change and for the moment it is not being 
pursued. However, re-routing of some of the ILW slurry represents a suitable case study to 
illustrate the use of Life Cycle Assessment in process selection. The immediate consequence 
would be an increase in the load on the Vitrification Plant and a correspondingly reduced load on 
the Encapsulation Plant. It will also result in reduced solid waste arising because of the large 
volume reduction achieved by vitrification. This case study does not consider the technical 
feasibility of such a process change within THORP, but the LCA will highlight some of the wider 
environmental impacts that may not be so apparent. 
To investigate the environmental impact of vitrifying some of the ILW rather than encapsulating it 
in cement, the following two scenarios are compared by looking at the scores from the Impact 
Assessment: 
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Case I Current situation: HLW is vitrified in glass 
ILW (Hulls, Centrifuge cake, Barium carbonate and MEB 
crud") is encapsulated in cement 
Case 2 System change: HLW + Centrifuge cake are vitrified in glass 
ILW (Hulls, Barium carbonate and MEB crud) is 
encapsulated in cement 
In the assessment of these scenarios, consideration is given to the burdens arising from inputs to 
the Encapsulation and Vitrification processes (e. g. glass, cement and electricity), and potential 
impacts from radionuclides released in liquid or gaseous effluents from these plants. For the 
encapsulation plant, the liquid effluent is sent to the downstream effluent treatment system and any 
gaseous effluents are routed to the Central Off-gas system (see Figure 7-9). In contrast, the liquid 
effluent from the Vitrification Plant is recycled back to the Highly Active or the Medium Active 
Evaporators (see Figure 7-9). The Off-gases are sent to a dedicated treatment plant and any 
effluents from here are routed to the evaporators. In Case 2, the inputs and outputs in terms of 
materials, energy and effluents for both plants have been altered in proportion to the change in 
mass load. The relevant calculations and the full inventories for both scenarios are listed in 
Appendix E. The main inputs are summarised in Table 7-14, 
11 MEB crud arises from the filtration of crud particles from feed pond water and multiple element bottle (MEB) flushings. 
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Table 7-14 Main inputs to Case 1 and Case 2 
Case I Material/ (kg/TJ) Case 2 Material/ (kg/TJ) 
Energy Energy 
Vitrification of HN03 0.017 Vitrification of HN03 0.025 
HLW 02 0.151 HLW + Centrifuge 02 0.213 
N2 0.498 cake slurry' N2 0.704 
Glass frit 0.163 Glass frit 0.231 
Energy 4.9 Energy 6.9 
(kWh) (kWh) 
Encapsulation of N2 0.036 Encapsulation of N2 0.036 
Hulls Cement 0.072 Hulls Cement 0.072 
Energy 3.6 Energy 3.6 
(kVvlh) (kWh) 
Encapsulation of N2 0.032 Encapsulation of N2 0.008 
Centrifuge cake Lime 0.004 Barium carbonate Cement 0.005 
slurry (CaO) and MEB crud Energy 0.2 
Cement 0.056 (kWh) 
Energy 1.6 
(kWh) 
Encapsulation of N2 0.008 
Barium carbonate Cement 0.005 
and MEB crud Energy 0.2 
(kWh) 
Note 1 It is assumed that lime to neutralise the centrifuge cake slurry is only necessary in the cementation process 
Similarly to the previous study, the impact assessment is carried out in two stages. The burdens 
associated with the background system and the non-active impact categories are assessed using the 
LCA software PEMS 3, while the radiological burdens are assessed using the impact assessment 
methodology described in Chapters 5 and 6 of this thesis. 
7.4.1 Non-active burdens 
The results from the characterisation of the non-active burdens associated with the two scenarios 
are shown in Table 7-15. 
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Table 7-15 Non-active burdens 
'Impact Category Units (I/TJ) Case I Case 2 
Resource depletion Oil equivalent 7.04E-0 1 (49%) 7.3 5 E-0 1 (51%) 
'Human toxicity kg/k-(, y 8.13E-02 (49%) 8.48E-02 (51%) 
Ecotoxicity (aquatic) m' water/mg 1.32E-06 (49%) 1.39E-06 (51%) 
Acidification SO, equivalent 6.78E-02 (49%) 7.07E-02 (51%) 
ýNutrification P equivalent 2.08E-03 (49%) 2.16E-03 (51%) 
; Ozone depletion CFC II equivalent 5,70E-05 (49%) 5.93E-05 (51%) 
, Greenhouse effect CO, equivalent 5.08E+00 (49%) 5.25E+00 (51%) 
Thotochernical Smoo ZD Ethylene equivalent . ). 
27E-04 (48%) 3.50E-04 (52%) ý 
, 
Landfill 
3 din 2.37E-01 (49%) 2.49E-0 1 (51%) 
Note: The values in brackets describe the relative c ontribution to the impact score by each facility 
Case IC urrent waste treatment strategy in THORP 
Case 21 /3 of the intermediate level waste from Head End is routed to the Vitrification Plant 
The environmental profiles of the two scenarios in Table 7-15 show an increase in the 
environmental impacts when the waste route is changed. The scores have not been normalised, 
and no weighting has been given to any specific category. The relative contributions to each ZD Z: ' 
cateorory are shown in brackets and are illustrated in Figure 7-10. These values, which are 
calculated by taking the contribution to a category by one scenario and dividing it with the sum of 
the contributions by both scenarios, only indicate the size of the contributions in relation to each 
scenario and cannot be compared across categories. 
D Case IE Case 2 
52% 
51% 
5 09/o ý 
491/o 
48% 
47% 
46% 
u -5- E - u 0 
Figure 7-10 Comparison of Case I and Case 2 1ý 
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In all the categories shown in Figure 7-10, Case 2 has the higher impact. This is due to the change 
in load on the Vitrification plant and the higher consumption of Nitric acid, Glass frit and 
electricity in this scenario (See Table 7-14). 
7.4.2 Active burdens 
The results from the characterisation, of radiological burdens are shown in Table 7-16 and the 
calculations are described in Appendix E. 
Table 7-16 Active burdens 
Impact Categories Case I Case 2 
Human Irradiation-marine 1.75E-10 (68%) 8.18E- I1 (32%) 
Human Irradiation-air 3.21E-13 (50%) 3.18E-13 (500%) 
Environmental Irradiation-water I 3.37E-04 (50%) 3.37E-04 (50-1. ) 
Note: The values in brackets describe the relative contribution to the impact score by each facility 
The most distinct difference is the decrease in human health risk (probability of detrimental health 
effect) from radiation on going from Case I to Case 2. This is due to the reduced effluent from the 
Encapsulation Plant when the centrifuge cake is vitrified. It must be emphasised that the decrease 
is in a risk which is already very small, and no process selection can be based on this alone. The 
increased feed to the Vitrification Plant does not result in a corresponding increase in discharged 
radioactivity because the effluents from the plant and the associated Off-gas treatment plant are 
recycled to the Highly Active and Medium Active evaporators. These units concentrate most of 
the activity in the effluents into the solid waste phase. 
The impacts from the conditioned waste itself have not been included as it is assumed that the 
properties of the vitrified solid waste will remain the same, and the only change will be the volume 
of waste. The additional activity from radionuclides in the ILW slurry will not change the risk 
associated with Vitrified waste as these are shorter lived and have lower activity than those present 
in the HLW. 
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Figure 7-11 Contribution to active impact categories 
7.4.3 Summary 
This case study illustrates the use of Life Cycle Assessment (LCA) as an environmental 
management tool to investigate the wider implications of process improvements. Although not all 
parameters have been included in the two scenarios examined here, the LCA approach serves to 
identify the advantages and disadvantages of a different waste management option. Most II Z' 
importantly, not only the direct impacts from the Encapsulation and Vitrification processes are 
investigated, but links are also made to the resulting changes in the background system for z: 1 
production of raw materials such as glass and cement and the use of electricity from the -rid. Cl z: 1 
The studv shows that improvements in some impact categories may cause worsening effects in 
others. Hence, one needs to establish priorities with respect to what effects are considered to be 
the more important. This has to be seen in relation to the magnitude of the potential impact. In n 
this case study, a reduction may be achieved in a risk which is already very small at the expense of 
increasing other risks. There are also financial aspects associated with a process change that needs 
to be considered, and there will be trade-offs between cost and environmental objectives that needs 
to be optimised. This study illustrates how the LCA can be used as a tool for internal 
improvement assessment and an aid to decide whether process changes comply with the principles 
of Clean Technolo- . Together with studies on technical 
feasibility and economic implications, it yI 
can be used in support of decision making within the industry. 
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Conclusions 
The Life Cycle Assessment (LCA) developed in this thesis identifies and quantifies the 
environmental burdens that arise in the Nuclear Fuel Cycle, and it provides a holistic approach to 
analysing and assessing the difference in environmental performance between two or more process 
scenarios. The LCA model considers the normal operation of the fuel cycle from extraction of 
uranium ore to final disposal of waste, the materials and energy in the background system which 
feed into these facilities, and the main transport steps between each stage. This environmental 
management tool may be used in process and system design, and to support the development of 
Clean Technologies in the fuel cycle by identifying potential shifts in environmental burdens to 
other stages in the system as a result of local optimisation. 
The scope of this thesis differs from the other fuel cycle studies reviewed in Chapter 2 which 
generally aim to compare different electricity generation systems in support of policy decisions on 
energy sources and new power plants. Although some of these studies take a life-cycle approach, 
they tend to define priority impacts which are only considered in the foreground system and they 
do not take into account burdens associated with the secondary processes. These shortcomings 
may significantly affect the outcome of these studies. The choice of priority impacts rely on an 
early and possibly subjective judgement of the importance of various environmental problems in 
relation to the fuel cycle, and may exclude information which can be used to distinguish between 
the options. Further, by disregarding processes that contribute indirectly to the fuel cycle, one 
assumes that all the main burdens arise in the foreground system and that impacts occurring 
outside the boundaries of the fuel cycle are not likely to be critical. On the contrary, it has been 
shown in the case studies in'Chapter 7 of this thesis that the background system contributes 
significantly to the non-active burdens from the fuel cycle. Another major difference between this 
LCA and many of the other fuel cycle studies is that they aim to reach a final conclusion using 
monetary valuation of the burdens. There are several contentious issues related to such approaches 
due to the difficulty in determining the cost of environmental damage and the use of discounting 
when assessing future impacts. It is argued here that discounting of environmental impacts in the 
valuation phase are not in line with the principles of sustainable development, and final 
conclusions should only be made as part of a multi-criteria decision making process. The 
194 
Chapter 8 Conclusions 
environmental profile developed in this LCA could be used in such a process together with other 
technical, social and economic measures relevant for the decision in question. 
The Life Cycle Assessment methodology which is currently recommended by international bodies 
and scientific groups such as ISO and SETAC, is covered in Chapter 3. The discussion introduces 
several research areas which are currently in focus such as Inventory Analysis and data quality, the 
treatment of flux and pulse emissions in the Impact Assessment phase and the need to consider 
radiological burdens in LCA. This forms the basis for Chapter 4 which covers the implementation 
of the methodology and the developments which have been made in this thesis. 
The goal and scope of an LCA define the data quality requirements for the study. This includes 
the expected accuracy, the required amount of primary data, the time frame and whether the data 
should be site specific. The inventory in this thesis has been collected directly from the different 
fuel cycle facilities, as publicly available databases are generally old and are often averaged over 
several different sites which are not applicable to the assessment of the Nuclear Fuel Cycle under 
UK conditions. One of the main problems with averaging the data is a loss of site-specificity. 
This is identified in this thesis as being particularly important with respect to the mining and 
milling facilities, as the environmental burdens associated with these are very much dependent on 
the ore grade which is mined. A comparison of different mining sites in Chapter 4 shows that ore 
grades may vary by a factor of 100. This will affect not only the direct burdens from the site but 
also the background system. Furthermore, the publicly available databases do not include the 
process detail required for a clean technology assessment which is one of the main goals of this 
thesis. Hence the inventory which has been developed for this LCA include primary data for the 
foreground system and detailed information on the main steps in nuclear fuel processing and 
reprocessing such that future technologies and process improvements in these facilities can be 
evaluated. 
The flux-pulse problem, which is frequently discussed in LCA, originates from the need to include 
fate calculations in the assessment of toxic releases. Fate describes the movement of a component 
from emission up to exposure of the target system and needs to consider time-dependent processes 
such as degradation and partitioning. The fate models which are generally used in toxicity 
assessments are therefore based on flux emissions (quantities per time) rather than the distinct 
amounts (pulses) which are reported in the LCA inventory. Work by Guinde et al. (1996) and 
Jolliet et al. (1997) suggest various solutions to this discrepancy such that fate may be included in 
LCA when assessing Human toxicity and Ecotoxicity. The calculations which have been 
performed in Chapter 3 of this thesis unravel some of the confusion which has surrounded this 
debate and confirm that, when a linear dose-response relationship is assumed, the connection 
between a flux and an exposure concentration, and between a pulse and the associated increase in 
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exposure, is equivalent. This finding is later used in this thesis when adapting the pathway models 
for radionuclides in the environment to develop a way to characterise radiological burdens in LCA. 
Radiological impacts have not been accounted for in LCA studies up to now. This thesis therefore 
proposes two new impact categories: Human Irradiation and Environmental Irradiation, and these 
are described in detail in Chapters 5 and 6. The characterisation approaches which have been 
developed are original contributions to LCA Impact Assessment. The methodology used to 
characterise human health impacts is based on publicised risk indicators which make use of well 
known principles in radiation protection. Pathway analysis is applied to determine the 
concentration of radionuclides in air, water and soil from direct discharges or solid waste arising in 
the fuel cycle, and the results are used to estimate the dose received from external radiation, 
inhalation and ingestion. In the case of solid radioactive waste, probability estimates are also used 
to determine the risk of potential releases which depend on the future state of the waste and the 
disposal site. The final contribution to the Human Irradiation category is the risk of a detrimental 
health effect occurring as a result of the dose received. One of the main advantages of the risk 
approach is that it allows the burdens arising from solid waste to be characterised together with 
those from direct discharges. This methodology is also applicable to the assessment of other solid 
waste management sites in LCA. The other impact category, Environmental Irradiation, assesses 
the potential impacts of radionuclides on the non-human biota. The methodology is based on 
Environmental Increment indicators which describe the natural variability of radionuclides in the 
environment. These may be compared with the concentration increase resulting from emissions 
and will give an indication of the level of pollution of the ecosystem. Several case studies have 
been performed to show how the Impact Assessment phase may be carried out using the new 
characterisation factors. The case study in Chapter 6, for example, shows that some radionuclides 
may bear a higher risk to the environment than to human health. This is particularly the case with 
anthropogenic radionuclides which do not exist in the environment in any significant quantities: 
the natural variability is therefore quite low and a higher risk of pollution is associated with these 
discharges. It must be noted that the Environmental Irradiation category does not refer to toxic 
effects directly, but to the level of pollution of the environment in relation to a baseline. 
The case studies in Chapter 7 illustrate the various applications of the LCA model in system and 
process design. The first and second case studies investigate two different fuel cycle scenarios, the 
open fuel cycle and the closed fuel cycle, using publicly available data and the model developed in 
this thesis respectively. The studies highlight the dependency of site-specific parameters on the 
outcome of the study, the importance of taking radiological burdens into account and the 
significance of a holistic approach which include all fuel cycle stages. Further assessments are 
required before any firm conclusions can be drawn from these studies, but the results indicate that 
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several non-active burdens can be avoided in the closed fuel cycle. The radiological burdens from 
direct discharges, however, are similar in both scenarios while burdens associated with the 
radioactive solid waste from the mining and milling stages must be further assessed before 
recommendations can be made. The third case study investigates two different process design 
options and concludes that the proposed process change may reduce some of the radiological 
burdens, but will increase the non-active burdens elsewhere. Priorities must be made in the 
valuation phase with regards to reduction in radiological burdens, which are already very small, 
compared with increases in other impacts. These decisions must be made in view of other 
technical and economic criteria which are relevant to the system. It can be seen from the case 
studies that no clear conclusions can be drawn from the LCA unless one scenario scores better in 
all impact categories. This is seldom the case, and it is therefore necessary that the model 
presented in this thesis is used together with other decision making tools. The purpose of the LCA 
is to provide information for the decision process by highlighting problem areas which may not be 
apparent without a holistic approach. This is essential if a cleaner production strategy is to be 
achieved. There are several uncertainties connected to the results of the case studies in Chapter 7, 
however, and this highlights the need for future recommendations with respect to the LCA 
presented in this thesis. The data in the inventory must be continuously improved as more 
information becomes available about the fuel cycle and the parameters used in the Impact 
Assessment phase should be subject to a sensitivity analysis which will give a better degree of 
confidence in the results. Furthermore, as with any study of this kind, a peer review is required 
before the model is used in industry. 
In summary, the initial aims of this thesis have been met through the development of a 
comprehensive Life Cycle Assessment of the Nuclear Fuel Cycle. The final model may be used in 
process and system design and the future development of Clean Technology strategies in the 
Nuclear Fuel Cycle. The improvements in LCA Impact Assessment to include radiological 
burdens will benefit the continuing use of LCA as an environmental management tool, and the 
methodological basis is also applicable to other impact categories such as solid waste. The case 
studies which have been carried out using the LCA model have highlighted that the assessment of 
different fuel cycle scenarios is significantly dependent on site specific issues, and that it is 
essential to take a holistic approach which considers the shifting of burdens within the system. 
This type of approach is essential in order to reduce material and energy consumption and other 
system-related impacts in the Nuclear Fuel Cycle. The work is intended to contribute towards the 
continuing use of LCA in environmental management and the assessment of the environmental 
impacts associated with our energy systems. 
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Appendix A 
Reference sites and technologies 
A-1. Uranium Mining and Milling 
There are approximately 105 minerals known to contain uranium. Only a few of these are 
sufficiently concentrated by natural processes to produce potential uranium ores. The most 
important minerals are the oxides, pitchblende and uraninite, and the silicate coffinite (Johns et al., 
1993). Ore-grade rocks generally contain uranium at concentrations of 0.1% or greater and the 
minimum U308 content for economical recovery is generally 0.07%1, unless other metals are 
recovered, or the ore is amenable to in-situ leaching (Wilson, 1996). The two principal methods of 
mining are underground and open pit, and the depth of mineralisation in relation to local geology 
decides between the two. The advantages of open-pit mining lie in higher productivity, higher 
recovery, easier de-watering, safer working conditions and usually lower costs than underground 
mining. The environmental impact however, is greater both during and after the operating period. 
The advantages of open pit mining diminish as the ore depth increases; for deposit depths of 50 to 
200 m or more, it becomes necessary to adopt underground mining. 
Alternative methods of uranium extraction are in-situ- and heap leaching. These techniques are 
particularly suitable for low grade deposits. In-situ leaching is normally carried out in sandstone 
aquifers (high permeability), less than 300 in below the surface, confined by shale or mudstone of 
low permeability, that contain deposits that can not be mined economically. Leaching solutions 
(lixiviant), either acid or alkaline and usually with added oxidant, are injected into boreholes. This 
separates the deposit into soluble and insoluble constituents, and the uranium-saturated solution is 
recovered and brought to the surface for processing. It is important that the ore is surrounded by 
impermeable rock to restrict uncontrolled leaching and groundwater pollution. In situ leaching can 
offer significant economic advantages as the well field replaces the mining and crushing 
operations and leaching equipment associated with conventional processing. Its disadvantages are 
the low recovery and the stringent requirements to restore the mined area to acceptable conditions 
(IAEA, 1993). Heap leaching is normally used to extract uranium from waste rock or mill tailings. 
The Rossing uranium mine which is described in Section A-1.3, is an exception with an ore grade of 0.03 % C, 
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This also suffers from poor recovery, without offering the cost savings associated with in situ 
leaching. The rock is broken, acid leach solution is percolated through the heap, and the resulting 
uranium solution is collected for further processing. The heap must be constructed on an 
impervious base, for example compacted earth, clay, concrete or bitumen for ease of recovery and 
to minimise environmental impact. 
Finally, Uranium may also be recovered as a by-product of phosphoric acid production, leaching of 
Copper ore, and reworking of gold tailings. In South Africa, for example, 98 % of the known 
uranium reserves occur in association with gold, and three out of the four operating uranium mines 
in South Africa produce uranium as a by-product of gold (Fox et al., 1996). In this way uranium 
production costs are often much lower than in primary uranium mines as the amount produced is 
directly related to the primary product of the mine and only the costs incurred specifically for 
uranium production are allocated to it. South African mining industry policy dictates that 
operators cannot selectively mine only the higher grade portion of a deposit. Uranium mined in 
this way constitutes a very small proportion of total uranium production. In order to avoid the 
problem of allocation of environmental burdens between two co-products, and to simplify the data 
collection for this stage of the fuel cycle, this type of mining is not considered further in this 
prqjectý. 
A-1.1 Milling 
Uranium is recovered from its ores by hydrometallurgical processes. A schematic diagram of 
uranium ore processing is shown in Figure A-1 and the main process steps are as follows: 
Crushing and Grinding Uranium ores differ from others in that the minerals are susceptible to 
leaching and only need to be exposed, not completely liberated, from the surrounding rock 0 
(Wilson, 1996). The required liberation for effective leaching is achieved by crushing and 
grinding. This also produces a material that can be slurried and pumped through the 
processing circuits. 
Preconcentration/sorting Over the years there has been considerable interest in pre-leach sorting 
for low grade ores but relatively few applications have been possible due to the finely 
disseminated nature of most uranium deposits. It is beneficial to pre-concentrate the ore to 
enhance feed grades for subsequent treatment by removing unwanted minerals. This will 
improve uranium leaching and recovery stages and provide cleaner tailings that can be 
rejected without causing environmental concerns (Wilson, 1996). Ore particles are 
2 Allocation is discussed in Chapter 3. 
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commonly segregated according to radioactivity, density or surface characteristics. In 
general low cost process routes such as the heap and in situ leaching methods are selected 
in preference to pre-concentration, however, as the probability of achieving both a high 
recovery and high concentration is low. Cý 
Roasting Occasionally the ore has to be roasted, using multiple-hearth roasters or rotary 
kilns, to improve the recovery of uranium. This process has been used to soIubilise 
vanadium, eliminate sulphides, oxidise uranium, eliminate carbon and dehydrate clays to 
improve solid-liquid separations (IAEA, 1993). Improvements in hydrometallurgical 
processing technology, however, have essentially eliminated the economic advantages 
once offered by roasting. 
Leaching Depending on the nature of the ore and the surrounding minerals, leaching may be 
by sulphuric acid or a mixture of sodium carbonate and bicarbonate: 
Ore Type of leaching 
uraninite, pitchblende or coffinite (much of Acid or alkaline 
the uranium quadrivalent and needing 
oxidation) 
secondary minerals Acid 
(uranium already hexavalent) 
multiple oxides Acid (high temperature and acidity and 
heavy consumption of reagent 
The acid leaching process using sulphuric acid is most widely employed due to its 
relatively low cost and more acceptable environmental impacts compared to other acids 
(OECD, 1993). Leaching with hydrochloric acid, as an alternative to sulphuric acid, has 
been under investigation to dissolve radium (and other metallics) so that it does not report 
to the tailings as a perpetual source of radioactivity. Chloride leaching however, is not 
considered cost competitive with sulphuric acid (IAEA, 1993). Alkaline leach has the 
advantage of having higher selectivity for uranium, leaving much of the radium out of C7 
solution. Hence the Uranium can be directly precipitated from the leach liquor and the 
carbonate solution can be easily regenerated (IAEA, 1993). These characteristics also lead 
to a number of disadvantages however, including the requirement for fine grinding to 
expose the uranium minerals and that some gangue minerals can react with the alkaline 
reagent resulting in a high consumption. With both processes, other heavy metals such as 
Molybdenum, Vanadium and Selenium may be partially dissolved by the leach. The acid 
leach process results in waste with a pH of between 1.8 and 2, while the less commonly 
used alkaline leaching causes the tailings to have a pH value of 10 to 11. The latter is 
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closer to chemical neutrality and the elements in the resulting waste are less mobile 
(Williams, 1984) 
Solid-liquid separation This process separates leach liquors from solid residue, and is one 
of the most important operations in the mill process. These operations represent up to 
40% of the mill capital costs and uranium losses due to incomplete washing can 
significantly reduce the operating profits (IAEA, 1993). In the past both Counter-Current 
Decant (CCD) thickeners and Multiple Drum filters were used, but High-rate thickeners 
and Horizontal belt filters have now been developed to minimise cost by reducing wash 
water requirements, area and maintenance and improving the clarity of solutions. 
Cyclones are often used to classify wet or dry solids into fine and coarse fractions, and 
support thickeners and filters to increase the overall capacity. 
Concentration and Purification Uranium may be chemically extracted from the clarified 
leach solution in several ways depending on the concentration and composition of the 
solution and on the desired product purity. The alternative schemes include precipitation, 
solvent extraction and ion exchange processes (Wilson, 1996). Acid-leached low-grade 
ores use ion exchange, solvent extraction or both (Eluex process) to purify the solution. 
Where they contain nickel, cobalt, arsenic etc., solvent extraction with possible recovery 
of by-products may be necessary. The same applies to high-grade complex ores, although 
they may need a more aggressive leach with Caro's acid (142SOO or under pressure. Alkali 
leachates contain very little gangue material and may be directly precipitated. In the 
future, when chloride technology might be considered for environmental reasons, the 
uranium could be recovered by solvent extraction, the radium isolated by ion exchange and 
the by-product probably recovered by solvent extraction. 
Yellow Cake production The mill product, commonly uranium diuranate (yellow cake), is 
formed by precipitation. The term "yellow cake" is often used in a generic fashion to 
describe the family of uranium precipitates (diuranates) and to describe impure uranium 
oxide. The choice of precipitant depends on the purity of the feed solution, the product 
specification, cost and environmental considerations. Precipitation from acid solution is 
often with magnesia, but ammonia or ammonium hydroxide may be used, and hydrogen 
peroxide is sometimes mandatory to prevent co-precipitation of other metals or the release 
of ammoniacal pollutants (Wilson, 1996). Alkaline leach liquors are often pure enough for 
direct precipitation with sodium hydroxide. The precipitated product is dewatered by 
thickening or centrifugation, sometimes filtered and washed on drum or belt filters, and 
then dried or calcined. The final product is packaged in steel drums with a polyethylene 
liner. 
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Figure A-1 Uranium Ore Processing 
A-1.2 Solid waste and direct discharges 
Tailings from the milling operations contain approximately 99% of the mass originally present in 
the ore, and arise when the ore is crushed and leached with acid or carbonate to give soluble 
compounds of uranium that can be further purified. The tailings therefore contain various 
chemicals from the extraction processes, toxic pollutants that are indigenous to certain ores, heavy 
metals such as lead, barium, selenium, molybdenum and vanadium, and precipitates from 
neutralisation of acids and treatment of process liquids. The process chemicals and the 
precipitates can significantly contribute to the volume and weight of waste generated, and the 
various contaminants and toxic chemicals constitute a potential environmental hazard that must be 
controlled. In addition the tailings contain about 85% of the original radioactivity in the ore due to 
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the presence of low concentrations of naturally occurring radioactive materials, including 
Uranium-235 (U-235), Thorium-230 (Th-230) and Radium-226 (Ra-226). These give rise to a 
range of potentially health hazardous daughter products. Th-230 (half life 80,000 years) is the 
parent of Ra-226 (half life 1,600 years) which has a very high radiotoxicity and is the precursors of 
the radioactive gas Radon-222 (Rn-222) whose decay products can cause lung cancer. The mill 
tailings therefore constitute a long-term source of potential atmospheric releases. The high 
specific surface and relatively oxidised state of the spent ore may allow residual uranium and 
associated heavy metals to be slowly leached by natural waters and discharged into the 
environment (Johns et al., 1993). The uranium mill tailings therefore give the highest number of 
possible release pathways from the uranium mining and milling processes: external irradiation by 
direct exposure, Rn-222 emission, possible dust dispersion by the wind, soluble radionuclides 
leached by the rainwater (e. g. Ra-226) and potential pollution due to dam failure (IAEA, 1993). 
The operational wastes from uranium mining consist of waste rock and low grade ore. Waste rock 
has often been considered as barren and therefore of no real importance (IAEA, 1993). However, 
the rock which must be removed to access the Uranium constitutes the largest volume of solid 
waste to be handled and is also of potential environmental concern. If it contains sulphides, 
weathering and oxidation may give rise to the production of sulphuric acid, probably with 
dissolved metals, which may leach. The low grade ore is normally stored as a potential source of 
uranium which can be recovered by heap leaching or by other suitable technology. The volume of 
waste rock and low grade ore will depend on many factors such as the ore grade, the depth of the 
mine and whether the ore is in small pockets or in large deposits. For open pit mines, the volume 
of waste rock will usually exceed the volume of ore extracted. 
The pollutants in the tailings and the waste rock may be released to the environment through 
several mechanisms such as erosion by wind and water, seepage, water releases, radon emanation, 
structural failure of the tailings embankments or unauthorised removal and use of material for 
building purposes etc. (IAEA, 1992). The waste can be dealt with in several ways in order to 
control this (IAEA, 1993): 
1. Impoundment on land 
2. Backfill material in open pit or underground mine 
3. Disposal in deep lakes 
4. Offshore marine disposal 
S. Processing for secondary metal recovery and then disposal 
The most common option is subacrial impoundments on land. The waste is required to be 
physically stable and where possible re-vegetation should be undertaken to enhance dust control 
and to improve the appearance of the site. The treatment of tailing piles is crucial in reducing the 
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releases of Radon-222 3. Measurements over bare tailings piles show that the average exhalation 
rate of Radon-222 is expected to be 20 Bq /m 2S for ore grade material of 0.2 0/0 U308 (UNSCEAR, 
1993). If a reasonably impermeable cover is used, however, the radon exhalation rate is reduced to 
approximately 3 Bq/m2s (UNSCEAR, 1993). The layer will increase the residence time of radon 
within the tailings structure and ensure that more radon decays within the structure before reaching 
the atmosphere. In general, a combination of covering materials provides better protection than 
any single material. A typical multilayer cover might be composed of a clay layer spread directly 
over the tailings to provide a barrier against rainwater inflow and radon exhalation. Then a filter 
material such as gravel or crushed rock is laid above the clay cap to allow rainwater to drain away 
from the tailings and prevent the capillary rise of salts that could be harmful to vegetation. Finally 
a layer of topsoil is spread over the gravel and vegetation established (IAEA, 1992). The preferred 
cover design, however, is very dependent on the mineral content of the tailings and the presence of 
chemicals from the processing step which will affect the final composition of the tailings and the 
associated effluents. At the Elliot Lake uranium mine in Canada, for example, acid generation due 
to the presence of pyrites is of greater concern than radon emanation from the tailings (Chung, 
1996). When pyrite is exposed to water and air, oxidation generates significant amounts of acid 
and soluble iron salt that combine to form acid runoff. The potential residual acidity releases 
could elevate levels of Ra-226 beyond what is allowable for surface water quality requirements. In 
these cases, the water cover option offers several advantages as it prevents acid generation as well 
as providing a radon barrier and protection against erosion. In the Elliot Lake area, groundwater 
contamination does not cause so much concern as the underlaying Precambrian Shield has few 
groundwater aquifers. Hence, the technical approaches to site remediation must be site-specific 
and can differ substantially, even among sites using similar mining and milling techniques. 
The various engineering designs for tailings impoundments can be expected to provide secure 
retention of the tailings materials and to restrict releases of radionuclides and other contaminants 
to the environment for a period of at least a hundred years or more. This is often referred to as the 
"design life" (IAEA, 1992). In addition, the design normally incorporates qualitative 
considerations of the effect of predictable geomorphological and climatological processes on the 
integrity of the impoundment system. This covers typically 200-1000 years and is referred to as 
the long term period (IAEA, 1992). Beyond this timescale, the difficulty of predicting the 
performance of impoundment barriers, natural changes in the environment, changes brought about 
by advancing technology and differences in social structures make long term predictions uncertain 
(IAEA, 1992). 
3 The health impacts of Radon are discussed in Section A-1.2. I. 
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The discharge of waste effluents from the milling operations must also be tightly controlled as the 
chemical treatments in the mills may increase the hazards of the waste and the mobility of several 
heavy metals (Williams, 1984). Recycling of water has become an important consideration due to 
reagent conservation, water conservation and minimisation of effluent discharge. This is 
particularly important for mines in dry climates where water resources are scarce. Under these 
circumstances the aqueous phase from the tailings impoundment is recycled and reused in the plant 
and there are effectively no liquid effluents from the site. The disadvantages are contaminants in 
the water which may reduce uranium recovery and can cause corrosion or scaling of pipes. In wet 
climates, the run-off water from mills which may contain radionuclides and other contaminants, 
must be collected and treated before release into nearby watercourses. 
There are several water treatment systems available and the main ones are listed below (DIA, 
1993): 
" Mine water - removal of uranium and/or contaminants by ion exchange, precipitation etc. 
" Tailings slurry - lime neutralisation and the addition of barium chloride to precipitate out the 
radium as a mixed barium-radium sulphate; ion exchange to remove Radium before discharge. 
" Effluent seepage and/or runoff - various treatment methods including ion exchange, sorption, 
precipitation, reverse osmosis, biological processes and engineered ecological processes (e. g. 
wetlands). 
The process technology for removing uranium and heavy metals from liquid and solid effluent 
streams is available for ore processing and, in principle, uranium contamination in the spent ore 
and uranium contaminati; n of process water can be reduced to very low levels. The spent ore can 
also be treated in a way that returns the heavy metals to a relatively inert state. Hence, there is 
available technology that could reduce the environmental impact of mineral processing, but the 
costs may be high (Johns et al., 1993). 
In-situ leaching has allowed mining companies access to deep low grade ores that otherwise would 
be considered uneconomical to mine. It significantly reduces surface disturbance compared with 
conventional mining and it creates very little solid waste. Several environmental risks, however, 
are also associated with this relatively new mining method. The main concern is deviation of the 
chemical and mineral-laden solution beyond the recovery wells which could cause serious 
contamination of other aquifers (Boulanger, 1996). An additional concern is the unintended 
dissolution of minerals other than the target metal, which could result in the mobilisation of 
arsenic, lead, radium, selenium and other harmful toxins. 
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A-1.2.1 Occupational Health and Safety 
The uranium miners are among the most highly exposed workers in the nuclear fuel cycle. Direct 
radiation exposure by the ore is primarily from y-ray emitters such as Bi-214 and Pb-214 which are 
short lived descendants of Rn-222, and a risk of exceeding the annual limit of exposure exists 
when the ore grade exceeds 0.5% uranium. Another radiological risk comes from the inhalation of 
ore dust containing long life a emitters such as U-238, U-234, Th-230, Ra-226 and Po-210 which 
may accumulate in the lungs. The risk from dust may become the principal haza d in open pits 
especially in dry climates or in ore treatment mills. The third radiological risk comes from the 
inhalation of radon and its daughter products. Inhalation of the inert gas Rn-222 is not a risk in 
itself as it can pass freely into and out of the lungs with minimal uptake by the respiratory system. 
The short lived Radon daughters (Po-218, Pb-214, Bi-214), however, may be deposited in the 
respiratory tract and can result in a significant radiation dose to the lungs. The short collective 
half-life of Radon daughters means that normal biological clearance mechanisms do not have time 
to operate effectively. They usually possess an electric charge and can form clusters with water, 
oxygen or other trace gases which can attach to aerosols and be retained within the lungs. A 
number of factors influence the level of exposure including type of mine and the efficiency of 
ventilation underground. Protection is mainly achieved by controlling ventilation rates, and the 
short-lived radon daughter contamination is cleared from the air of the work areas before 
unacceptable levels are reached. In Open Pit mines and ore treatment mills, dust is normally 
suppressed using water or dusticides to reduce the risk. 
A-1.2.2 Public Exposure 
Radon and Radon daughters in the atmosphere and Radium and Uranium in water and vegetation 
are the main pathways of concern with respect to exposure to the general population living in 
vicinity of the site (Williams, 1984). A survey requested by the US Department of Energy in 1986 
examined all aspect of radiation protection in the United States with regard to communities in the 
vicinity of uranium mill tailings (OECD, 1993). The report identified Rn-222 as one of the 
primary hazards for people within a kilometer or so near the site boundaries of the mine. Public 
exposure does not generally cause as much concern as occupational exposure as the mines are 
often situated in very remote areas. 
A-1.3 R6ssing Uranium Mine (Namibia) 
Mining is Namibia's largest industry and the variety of Namibian mineral resources, both metallic 
and nonmetallic, is rivalled by few countries worldwide. In particular, the mining of uranium and 
gem-diamonds accounts for 9.5% and 7.2%, respectively, of the world's production. The Uranium 
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is solely provided by R6ssing Uranium Ltd, a fully owned subsidiary of the RTZ Corporation, 
which runs the largest open pit uranium mine in the world. 
The R6ssing mine and plant is designed to produce 4,550 tons of uranium oxide per year. It 
started to operate in March 1976, but serious setbacks arose from the nature of the ore. Operating 
difficulties were caused by the abrasive nature of the host rock and there were a number of design 
and engineering deficiencies. In 1978, when the modifications were close to completion, a major 
fire in one of the two solvent extraction plants resulted in considerable damage. The mine finally 
reached full production for the first time in 1979. 
During the second half of the 1980's , sales difficulties emerged for R6ssing due to trade sanctions 
against Namibia and South Africa. When Namibia attained independence in 1990, it was hoped I 
that R6ssing would obtain access to new markets which had been closed to it before. However, 
due to the political changes in USSR and Eastern Europe, uranium from these regions flooded 
Western markets at uneconomic prices. The result for R6ssing was a cutback in production to 
about half capacity and the 1991 production was quoted to be 2,900 tons Of U308 (Premoli, 1994). 
Despite this, The R6ssing open-cast mine supplied almost one-tenth of the 1991 world production 
and Namibia ranks about equal with the United States as an uranium producer. This is a major 
achievement considering R6ssing's very low grade deposit (Premoli, 1994). 
A-1.3.1 The R6ssing Deposit 
The R6ssing ore body is unique in that it is the largest known deposit of uranium occurring in 
Alaskite, a type of granite, which is hard and abrasive. It hosts all the primary uranium minerals 
and most of the secondary, but with a low average grade (<500 g1t U30s), Uraninite (U02) is the 
dominant primary radioactive material and contains about 55% of the uranium present. The 
R6ssing deposit is about 3 km long and 3 km wide and the open pit alone, over the projected life 
and uranium production of R6ssing, contains well over 100,000 tons of uranium in ore grade 
material (see Figure A-3). 
Mining is by the open pit method using 15 in benches. The blast holes are 380 min in diameter and 
18 rn deep. Each blast hole takes a charge of about 1600 kg of ammonium nitrate based explosive 
(IAEA, 1993). A total of about 100 tonnes of explosives is used each week. On average, 0.3 kg of 
explosive, Heavy Ammonium Nitrate Fuel Oil (Heavy ANFO), is used for every tonne of material 
blasted. This is manufactured on site and comprises two components: an ammonium nitrate 
oxidiser and a dense fuel, trade named HEF (High Energy Fuel) (Ashton, 1991). The broken rock 
is loaded into 140 tonne haultrucks fitted with pantographs which connect to overhead electrical 
trolley lines. This allows electricity to be provided directly to the electric wheel motors, bypassing 
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the diesel engine which idles while the trucks ascend the ramps out of the pit. This system reduces 
fuel consumption and increases truck speed. The fully laden trucks are scanned radiometrically to 
determine the grade of the material and categorise the truck load into crusher feed, waste or low 
grade ore for stockpiling. The ore is blended if required to give a consistent mill feed. The 
abrasivity of the Alaskite rock is the key problem in the mine in relation to maintenance, 
equipment availability and equipment costs. In general the wear rate is two to three times higher 
than at other big open pit mines operating in hardingeous or metamorphic rocks (Wyllie, 1979). 
Water and dusticides are continuously used in the open pit and during the various crushing stages 
to suppress dust. 
A-1.3.2 Milling 
The metallurgical plant at R6ssing is capable of milling up to 50 000 tonnes of ore per day. Due to 
the low grade nature of the deposit, viability of operation could only be reached if the plant could 
achieve a throughput not approached by any other uranium operation. The plant uses an acid 
leaching ion exchange process which is described in more detail below. The general flow sheet is 
shown in Figure A-2. 
The mined ore is first reduced to sizes of less than 160 min by two primary gyratory crushers. It is 
then transported to the fine crushing plant where it is further reduced by secondary, tertiary and 
quartenary crushers to sizes less than 19 mm. The crushing plant is capable of a throughput rate of 
2,300 tonnes per hour. The fine ore is sent for wet grinding in four rod mills which uses steel rods 
to make a slurry with the consistency of mud (Vernon, 1987). The rods are themselves gradually 
wom by this action and are replenished daily. The rod mill pulp density is maintained at 75 to 
76% (w/w) solids. This density is adjusted using water at 45*C, thereby raising the pulp 
temperature in preparation for the leaching operation (IAEA, 1993). 
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Mine ore 
Urmiiwn oxide 
Figure A-2 The metallurgical process at R6ssing (IAEA, 1993) 
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The leaching is carried out with sulphuric acid, using ferric sulphate and manganese dioxide 
(pyrolusite) as oxidants. Pulp discharged from the rod mills is divided equally to two leaching 
modules. The ground pulp is first fed to a 291 M3 mixing tank to which some two thirds of the 
required acid is added. This addition increases the temperature of the pulp to about 490C. The 
pulp then flows through a series of five tanks, each with a volume of 1400 in 3. The solids are 
maintained in suspension using 1.5 ni diameter impellers and the total residence time is about 9.5 
hours. Under these conditions 90% of the uranium contained in the ore is extracted (IAEA, 1993). 
The total requirement of acid is in excess of 200,000 tonnes per annum, and R6ssing has its own 
acid plant based on the roasting of pyrites produced from the Otjihase mine in Namibia. The plant 
consists of two dry-fed fluidised bed roasters, waste heat boilers, conventional acid plant gas 
cleaning and drying installations and single absorption conversion Of S02 and S03. This plant is 
capable of producing about 700 tonnes per day of acid, which satisfies most of the acid 
requirements of the company. The shortfall in acid requirement has been made up by the import of 
sulphuric acid by sea to the port of Walvis Bay and rail to the mine (Vernon, 1987). Further, due 
to unreliable supplies of pyrite, R6ssing is also looking into the use of pure sulphur to produce the 
acid (R6ssing, 1997). 
The role of the ferric sulphate is to oxidise the uranium from its tetravalent form, U02, in the 
uraninite to its hexavalent form U03. This is achieved by the reduction of ferric iron. The 
hexavalent uranium oxide is then readily soluble in sulphuric acid. The ferrous iron can be 
reoxidised with manganese dioxide. The source of iron is calcine from the acid plant which 
consist predominantly of Fe203. The quantity of quench calcine available from the acid plant 
varies from about 130-340 tonnes per day of solids depending on acid plant performance and the 
number of roasters on line. All the calcine is sent to a ferric leach plant, and this route serves as 
the acid plant tailings disposal. The calcine slurry at 5-14% solids is thickened to a 30-40% (w/w) 
solids pulp before it is pumped from the storage tanks to the reactors where acid and dilution water 
is added for the ferric leach reaction. Temperature of the reaction is used as an indication of iron 
extraction, and variation of calcine slurry pumping rate and reactor temperature allows a range of 
operating conditions. Addition of dilution water is required to maintain an acid to water ratio of 
1: 2 to prevent formation of solid ferric sulphate in the reactor vessel. At a calcine production rate 
of 250 tonnes per day, 35.6% ferric recovery is required to provide sufficient ferric for the uranium 
leach (Uranium'82,1982). 
After each uranium leach module, the pulp is diluted with recycled wash solution (overflow 
solution from the first state of the Rotoscoop circuit) and fed via ten hydrocyclones. The cyclone 
underflows are washed on two stages of Rotoscoops before being transported by conveyor to the 
tailings disposal pumping system. The wash solution from each stage is fed to the thickeners. 
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Hydrocyclone overflows are pumped to a five stage CCD (counter current decantation) thickener 
circuit. The overflow from the first stage is the pregnant feed liquor (clear liquid) for the ion 
exchange plant. The thickener underflow from the fifth stage joins the sands product and some 
recycled liquid from the tailings dam in an intermediate sump before it is pumped to the tailings 
dam located in a nearby valley (Guzman, 1982). The R6ssing plant can generate approximately 80 
000 in 3 of tailings per day, containing 40 000 tons of solids. Most of the overflow liquid from the 
tailings dam is recycled to the plant. This will contain some uranium still in solution and a small 
ion exchange plant is situated near the tailings dam to recover uranium from this stock. This plant 
consists of two contactors containing approximately 13 M3 of resin which can treat 7m 3/Min of 
solution. The Return Dam Solution (RDS) from the last contactor is what is used as the transport 
fluid for the tailings pumping. The loaded resin is transported in a tanker to the main plant for 
elution. A proportion of the RDS bypasses the ion exchange plant and is fed to the rodmills 
instead of freshwater. This further increases uranium recovery from the tailings pond (Vernon, 
1987). 
The main ion exchange plant has a total rated capacity of about 3600 m3 /h. The pregnant solution 
from the thickeners is treated in four parallel lines of six rectangular contactors each containing 
about 28 M3 of resin. Elution is carried out in a three column system of the moving bed type using 
10% sulphuric acid as the eluent. The eluate is fed to an amine solvent extraction circuit that 
contains two lines of five extraction stages, two scrubbing stages, four stripping stages and a single 
solvent regeneration stage. The organic solvent used is Alamine 336 at a concentration of 7% (by 
volume). The loaded organic is scrubbed with water and then stripped with gaseous ammonia 
(IAEA, 1993). 
The pregnant liquor from the solvent extraction plant contains 8.5-10 g/l Of U308. Ammonium 
diuranate is precipitated from this solution by raising the pH value to 7.5 with gaseous ammonia. 
The precipitate is sent to a thickener, and then washed in a two stage filtration circuit. The washed 
yellow cake is calcined in a six hearth roaster and packed in steel drums for shipping. The product 
has a U308 content of about 98% (IAEA, 1993). 
A-1.3.3 Power and fuel 
The two sources of energy at R6ssing are electricity and fossil fuel. Electricity is not self 
generated. R6ssing's power is obtained from Namibia's national power grid supplied by 
SWAWEK. The approximate proportion that the grids obtain from various power sources are 
55% Hydro power (in average rainy season) 
45% Coal power 
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Depending on availability of the above, power may be imported from South Africa through the 
regional grid (116ssing, 1995). 
Quantities of fuels are subdivided into heating and automotive fuels. Heating fuel is only utilised 
in the Acid and Uranium processing plants. Diesel is used in the mine for hauling, while both 
diesel and petrol are used in light and heavy vehicles for transporting purposes (R6ssing, 1995). 
A-1.3.4 Environmental Burdens 
Air emissions from the R6ssing Uranium Mine include sulphur dioxide (SO2), radon, fugitive dust 
and particulates. The greatest source of sulphur dioxide is the pyrite burning acid plant, while a 
limited amount Of S02 is also emitted from the Final Product Recovery Stacks (R6ssing, 1995). 
The main radon sources include the open pit, waste dumps and the tailing impoundment. The 
fugitive dust sources on the site include those associated with the process, e. g. blasting, and ore 
handling, and those from open dust sources where wind or machinery acts on exposed materials 
(Rbssing, 1995). The wind erosion is facilitated by the high velocity berg winds blowing from the 
north east during the winter months which are sufficiently strong to mobilise the fine particles 
from the exposed surfaces (see Figure A4). Particulates which consist mostly of carbon and small 
quantities of U30g from the Final Product Recovery Plant, are passed through two wet fan Venturi 
type scrubbers and through the bag house stack of the dust collection system (R6ssing, 1995). 
Recycling of water has been practised on an increasing scale in recent years and fresh water 
consumption has been decreased by about 45% between 1981 and 1987 (Vernon, 1987). In order 
to reduce raw water input and to prevent discharges from the site of mildly acidic and highly 
mineralised tailings water, process water is recycled and reused throughout the plant. Recycled 
water is obtained from two sources, the tailings pond and from ground water adjacent to the 
tailings dam. The tailings dam at R6ssing was re-constructed in 1989 when a paddock system was 
initiated which builds small dams inside the big dam on a cyclical basis. This creates one or two 
smaller inner clear solution ponds in the impoundment from where the liquid flows under gravity 
to the main seepage dam. Water from here is recycled to the plant via a small ion exchange plant. 
The paddock system resulted in significant decreases in evaporation and entrainment losses from 
the tailings dam and a consequent decrease in freshwater consumption. Seepage from the tailing 
empoundment entering the groundwater is reclaimed by means of a dewatering wellfield and cut- 
off trenches. 
Water treatment and desalination methods were initially investigated, but then rejected in favour of 
direct recycling. The advantages of recycling are the recovery of uranium and two of the process 
reagents, acid and ferric iron. This results in saving of around 3/4 million US dollars each year 
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(Hamman, 1987). The disadvantage of recycling is the increasing levels of dissolved salts in the 
recycled waters which present both a high corrosion problem and a high level of competing ions 
which are detrimental to uranium recovery. The corrosion problem has been combated by 
employing rubber linings and protective coatings on the relevant equipment. The effect of 
increasing ionic concentration arising from recycling, however, is more difficult to combat. These 
ions compete with the uranyl sulphate complexes in the ion exchange step which result in 
increased loss of uranium. The net benefit however, has been in favour of recycling. 
Due to the process water recycling scheme, there are no discharge points to dispose of effluents 
from the mine site and according to the Life Cycle Analysis performed by R6ssing there are no 
effluents from the plant. Waste water from the workshops and garage areas, after oil recovery, is 
discharged to the sewage treatment plant and from there, via the seepage collection pond, is reused 
in the mining or metallurgical process. Sewage effluent is recycled after treatment and mixed with 
industrial effluents for re-use. 
The solid waste generated at the R6ssing mine includes approximately 40,000 tonnes of tailings 
per day which is sent to the tailings dam and approximately 8000 tonnes per annurn of waste rock 
which is sent to the waste dump. Any construction wastes generated are disposed of in the rubbish 
dump, but if they emanate from the metallurgical plant, are dumped on the tailings impoundment. 
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Figure A-3 The Rdssing Uranium mine (Visit to R8ssing, April 1997) 
Figure A-4 Dust measuring device on the tailings dam (Visit to R6ssing, April 1997) 
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A-1.4 Ranger Uranium Mine (Australia) 
The Ranger Opencast Uranium mine is the only operating mine in the tropical Alligator River 
region of northern Australia. It is situated about 230 kilometres east of Darwin and is surrounded 
by the Kakadu National Park. The Ranger orebodies were one of the first discoveries in the major 
uranium exploration phase in Australia which started in 1966. The mine did not come into 
operation before 198 1, however, due to confusion over Australia's national resource development 
policy and several public inquiries. The Ranger Uranium mine is owned by Energy Resources of 
Australia Ltd (ERA) which sells uranium from the Ranger mine and uranium concentrates from 
sources outside Australia to nuclear electricity utilities in Japan, South Korea, Europe and North 
America. In 1995 ERA supplied 6% of the Western world's uranium requirements and was 
successful in signing four new contracts. One of these is a medium to long term contract with 
Nuclear Electric in the UK (ERA, 1995). 
The plant was conservatively designed to produce 3,000 tormes of Uranium oxide a year (Ranger, 
1992). The mill has however operated at rates in excess of 3,800 tonnes per annum and only 
minor modifications will be necessary to achieve production capacities of up to 5,000 tonnes per 
annum (Ranger, 1990b). A program to increase the mill capacity was initiated in 1996 and is due 
to be operational in mid 1997. 
A-1.4.1 The Ranger Deposit 
The two main Ranger orebodies, no. I and no. 3, are about 1200 metres apart, and the host rocks 
and their mineralogy are identical. The average grade of the ore bodies is approximately 0.30 % 
U308 and the overall ore to waste ratio is 1: 3.8 (Ranger, 1990a). In 1995, mining reached 
completion in Orebody no. 1, but surface stockpiles which contain 17,200 tonnes U309 will be 
milled through to 1999. Orebody no. 3 is expected to commence production in mid-1997. Pit no. 
I wiil probably be used for depositing tailings (ERA, 1995). The ore is mined from 7m and 10m 
high benches. The explosives for the mine are manufactured on site and delivered by truck for 
pumping into the blastholes. As water is encountered in about 60% of the blastholes during the 
dry season and in all the holes during the wet season, a waterproof bulk slurry explosive is used 
(Ranger, 1990a). The blasted material is divided into the following cut-off grades categories: 
0.023 % U308 Waste 
0-05 % U308 Very low grade ore 
0 0- 10 /0 U308 Low grade ore 
0- 10 % U308 Ore 
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A-1.4.2 Milling 
The Ranger milling process is based on the same principles as the R6ssing process illustrated in 
Figure A-2. The following description will note the main changes in processing. The ore is first 
crushed using gyratory crushers and then ground using rod and ball mills. The steel consumption 
in these mills is approximately 1.0 kg per tonne of ore milled. The ore slurry is leached with 
sulphuric acid in a cascade of ten high air-agitated pachucas. These differ from the R6ssing leach 
tanks which are mixed with 1.5 in in diameter impellers. Sulphuric acid needed for the leaching 
process is manufactured on site in a plant capable of producing about 200 tonnes of acid per day 
(Ranger, 1992). The acid is produced from elemental sulphur, unlike at R6ssing where it is 
manufactured from the roasting of pyrite. Manganese dioxide (Pyrolusite) which is ground in a 
separate ball mill is added as an oxidant. This reacts with ferrous iron present in the solution, 
producing ferric iron which oxidises the uranium to a hexavalent state. The iron necessary for this 
reaction is partly present in the ore and partly introduced from the grinding media in the rod and 
ball mills. This varies from the Rbssing mine which adds the calcine from the acid plant as a 
source of iron. 
The barren ore is separated from the pregnant leach liquor by six stage counter-current decantation 
(CCD) thickeners. The underflow from the last thickener is neutralised by a lime slurry and then 
pumped to the tailings dam. Supernatant liquor from the dam is recycled back to the mill. The 
pregnant liquor overflow from the CCD is sent to a clarifying thickener before it passed on to the 
solvent extraction process. This differs significantly from the Rbssing process which passes the 
overflow from the solid separation stage through an Ion-exchange/elution step (Eluex process) 
before solvent extraction. This is due to the low grade of the R6ssing ore. 
The solvent extraction is carried out by contacting the aqueous pregnant liquor with an organic 
liquid, Kerosene, containing an amine which selectively complexes the uranium. The barren 
aqueous solution is pumped back as the wash solution for the CCD circuit. The uranium is 
stripped from the organic solution using ammonia and transferred to the aqueous phase. The 
ammonium diuranate is then precipitated as yellowcake by the addition of more ammonia. The 
precipitate is thickened and washed with water before it is calcined and packed in standard 200 
litre steel drums containing approximately 375 kg of product. 
A-1.4.3 Power and fuel 
The Ranger site has its own power plant which supplies electricity to the mine and township of 
Jabiru. It has a generating capacity of 28 MW, provided by five diesel and one steam turbine- 
driven alternator sets. The average load on the station is about 10 MW of electricity an hour. 
Distillate fuel is used at a rate of 50-60 tonnes a day (Ranger, 1992). 
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A-1.4.4 Environmental Burdens 
The environmental burdens arising from the site are similar to the R6ssing Uranium mine. Due to 
the difference in climate however, water management practices are very different. Ranger is 
located in the seasonally Wet Tropics of northern Australia with extreme wet and dry seasons. 
The system is based on a Restricted Release Zone (RRZ) within the boundaries of which water 
collected is controlled at all times. Water entering this zone comes from rainfall, mine pit seepage 
and ground water bores and is stored in various Retention Ponds. Runoff water from the ore 
stockpiles, mine pit and general site areas is collected in one pond and used as a water source for 
the sulphuric acid plant, power plant cooling, in the mill and for dust suppression. Any surplus 
water from this pond is dispersed by irrigation over natural bush land. Water from the acid plant, 
the sulphur stockpiles, and the uranium processing plant is stored in another pond and, together 
with the tailings dam, forms a closed circuit in which water is repeatedly collected, recirculated 
and used during the wet season. In the dry season, the tailings dam acts as an evaporation pond 
and enables the disposal of approximately 2,000 million litres of waste water in an average year. 
Rainwater which runoff the waste rock dumps or areas which have been disturbed by construction 
activities outside the RRZ, generally meets drinking water standards. This is used as a secondary 
water supply for the mine or is periodically released to nearby streams. 
A-2. Fuel Manufacturing 
Fuel manufacturing refers to the production of uranium hexafluoride (UFA the feed material of 
the enrichment process, and the conversion of the enriched U176 back to U02 for fabrication into 
fuel pellets. In the UK, both of these processes are carried out at British Nuclear Fuels Springfield 
site. Uranium conversion is an established chemical process and no significant process 
modifications are expected. The Uranium conversion requirements may be supplemented by the 
availability of highly enriched uranium from dismantled warheads and the use of Mixed Oxide 
Fuel (MOX). 
A-2.1 Springfield (BNFL) 
Springfields Works is the Fuel Manufacturing Division of British Nuclear Fuels ple (BNFL). The 
plant produces uranium metal fuel for Magnox reactors and uranium dioxide fuel for Advanced 
Gas-cooled Reactors (AGRs) and Pressurised Water Reactors (PWRs). Facilities for the 
conversion of uranium ore concentrates to uranium hexafluoride (UF6) as well as production plants 
for the manufacture of uranium dioxide (U02) powder and pellets are located on the site. 
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Up to now, Springfields has manufactured the fuel in five separate dedicated plants. In 1995, 
however, the new Oxide Fuel complex (NOFQ was commissioned. This plant allows the entire 
fuel production capability for both PWRs and AGRs, from powder production to fuel rod 
assembly, to be carried out under one roof Besides upgrading the AGR fuel production facilities 
and introducing commercial PWR fuel production, the NOFC will also be able to handle 
reprocessed oxide fuel. Both non-irradiated and oxide reprocessed material will follow the same 
route. A single line will be used for AGR and PWR fuel, until the grinding and canning stages 
when the AGR and PWR fuels go separate ways. 
The Fuel Manufacturing process which will be described in more detail below, is shown 
schematically in Figure A-5. Metal fuel production will not be covered here as it is not within the 
scope of this project. The enrichment of UF6 by Urenco will be covered in a separate chapter. 
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Figure A-5 Block Diagram of Fuel Manufacturing at Springfields (BNFL, 1991a) 
A-2.1.1 Conversion of Uranium Ore Concentrates to Uranium tetrafluoride 
The conversion of uranium ore concentrates to uranium tetrafluoride is common for the production 
of both metal and oxide fuel. The first step includes the dissolution and purification of uranium 
Fluorination to UF6 
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ore to give uranyl nitrate. This is then converted to uranium trioxide which is further converted to 
uranium tetrafluoride. 
Dissolution andpurification to uranyl nitrate 
The Uranium Ore Concentrates are dissolved in nitric acid to produce a slurry containing impure 
uranyl nitrate and undissolved impurities. The slurry is purified by filtration and solvent 
extraction in continuous mixer-settler extractors. A solution of tri-butyl phosphate in odourless 
kerosene is used as the extracting agent. This enables the removal of impurities such as 
e those with high neutron capture cross-section such as boron and cadmium 
* elements which form volatile fluorides. These can contaminate the uranium 
hexafluoride produced at a later stage. 
The purified uranyl nitrate is concentrated by evaporation in a battery of four-effect climbing-film 
evaporators to a molten salt containing 1100g1l uranium (BNFL, 1991a). 
Conversion to uranium trioxide 
Thermal decomposition of concentrated uranyl nitrate liquor is carried out in one of several 
fluidised bed reactors containing a bed of uranium trioxide. Nitrous fumes arising from the 
thermal decomposition process pass to a nitric acid recovery plant which also deals with nitrous 
fumes arising from ore dissolution and other operations. The recovered Nitric acid is re-used for 
dissolution of ore concentrates and residues (BNFL, 1991 a). 
Conversion to uranium letrafluoride (UF4) 
The rotary kiln U174 process consists of two main sections; reduction of hydrated U03 to U02 and 
hydrofluorination of the U02 to UF4. Hydrated U03 is produced in a conventional continuous 
mixer by addition of water to the denitrated product. It is then conveyed in the kiln barrel at the 
same time as hydrogen is metered in to the outlet end of the kiln. The U03 hydrate reacts to 
produce U02 which is conveyed to the hydrofluorination kiln. The U02 powder passes through 
this kiln where it reacts with a counter-current of AHF gas. The off-gases from the kilns are 
filtered, condensed and scrubbed before being discharged. The UF4 is kept in intermediate storage 
prior to transfer to the UF6 conversion plant or Uranium metal production plant (BNFL, 199 1 a). 
A-2.1.2 Production of Oxide Fuel 
After the production of Uranium tetrafluoride, the manufacturing line is divided into the 
production of oxide fuel and metal fuel. For the production of oxide fuels, the UF4 is converted to 
UF6. The UF6 is then passed on to Urenco at Capenhurst for enrichment. The enriched product 
returns to Springfields and enters the New Oxide Fuel Complex (NOFC) where it is reconverted to 
U02 powder. 
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Conversion to Uranium haxafluoride (UFd 
Uranium hexafluoride is produced by the reaction of UF4 with elemental fluorine. Fluorine is 
produced by electrolysis of a fused salt (KF. 2HF) using amorphous carbon anodes and water 
cooled mild steel cathodes. The hydrogen fluoride (HF) content of the cells is maintained at the 
desired 42% by weight through automatic addition of anhydrous hydrofluoric acid. Hydrogen 
generated in the electrolysis is scrubbed with caustic potash solution to remove remaining HF prior 
to discharge through a flame trap. 
The reaction of fluorine with UF4 is carried out in a fluidised bed reactor containing an inert bed of 
calcium fluoride granules and fluidised with fluorine. The reaction of UF4 with gaseous fluorine is 
highly exothermic and the calcium fluoride acts as a diluent and prevents sintering of UF4 within 
the reactor. The gaseous UF6 produced together with excess fluorine and diluent gases, is passed 
through filters to remove entrained solids and then to one of four condensers. The incondensable 
gases containing nitrogen and unused fluorine are recycled. The major portion of UF6 is deposited 
as a solid in the primary condenser, with the rest passing to a second condenser to remove most of 
the residual UF6. The condensers are swapped around and an empty condenser is brought on-line 
as the secondary condenser. The primary condenser containing UF6 is taken off-line and is heated 
under pressure to liquefy the UF6. The UF6 product is run off to transit containers which are 
transported to the Enrichment plant and to various other customers (BNFL, 1991 a). 
Fuel manufacturing using irradiatedfuel 
The spent fuel from the power reactor stage may be delivered to BNFL's reprocessing plant at 
Sellafield. Here it is separated into waste and re-usable products, including uranium in the form of 
uranium trioxide. One way of utilising the reprocessed uranium is to re-enrich it and recycle it in 
thermal reactors. The conversion of reprocessed uranium for re-enrichment is developing more 
slowly than had been expected because the economics were originally thought to be more 
favourable. It is now estimated that the cost of conversion of reprocessed uranium will be about 
five times that of conversion of fresh uranium (IAEA, 1996). Different conversion plants are 
necessary for reprocessed uranium owing to both contamination problems and the need for extra 
shielding. At Springfields, a new plant for the conversion Of U03 into UF6, the proposed ECHO 
(Expansion of Capacity for Hex from Oxide reactors) plant, is due to come on line in the last 
couple of years of the century. At present, conversion can be carried out at a small pilot plant in 
France. Enrichment will be carried out by Urenco and finally the UF6 will be returned to NOFC 
for manufacturing once more into fuel (Moore, 1993). 
Reconversion to U02 
The New Oxide Fuel Complex (NOFC) at Springfields uses a dry conversion process called the 
Integrated dry route or IDR. UF6 is converted directly to ceramic grade U02 powder by reaction 
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with steam and hydrogen in a rotary Inconel kiln. The kiln is operated with a counter-current gas 
solids flow and UF6 vapour is fed with steam into the base of a filter hopper at the gas outlet end of 
the kiln. The UF6 reacts with the steam producing a solid intermediate, uranyl fluoride (U02F2) P 
which passes into the kiln by means of a scroll feeder. Conversion Of U02F2 product to U02 is 
achieved by a hydrogen/steam feed to the powder discharge end of the kiln. Off-gases pass 
through a filter system before being discharged to a plant for the recovery of hydrogen fluoride. 
When oxide fuel pellets for water reactor fuel are produced, pore forming additives are blended in 
with the U02 powder. This enables the production of homogenised U02 powders with 
exceptionally low moisture absorption characteristics. After blending and homogenisation, the 
powder is either transferred to a granulation plant or discharged in to containers for export. 
Granulation and Pelleting 
The U02 feed material for the pelleting presses are initially granulated using either a binder or 
binderless technique. This is to improve the pour characteristics of the powder. The binderless 
processing route is normally used in conjunction with the IDR U02 powders containing pore 
forming additives as it offers considerable flexibility with regard to density specifications for the 
finished fuel pellet. In the process the powder is pressed to form briquettes and is then fractured, 
sieved and conditioned to produce U02 granules. The subsequent production Of U02 sintered 
pellets is similar for any type of oxide fuel element in that the U02 powder is pressed into pellets 
which are sintered to the required density in a reducing atmosphere of hydrogen at around 1700"C. 
After sintering the pellets are ground to the required diameter. 
Canning and assembly 
At this stage PWR and AGR fuels demand separate manufacturing lines due to their different tubes 
and assembly. The PWR fuel elements have a square cross-section and are the full height of the 
reactor core. Measured amounts of dried U02 fuel pellets are assembled in Zirconium4 tubes 
which are flooded with helium gas to a specified pressure. The tubes are arranged in a l7xl7 or 
14x 14 array along with control rod guide tubes. The finished elements are washed in two stages. 
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A-3. Fuel enrichment 
Enrichment is the process in which the proportion of the isotope uranium-235 is increased from its 
natural abundance of 0.71 % to between 2% and 5% for use in commercial power reactors. 
Isotopes cannot be readily separated chemically, and enrichment generally relies on physical 
differences such as atomic masses. The most common separation processes are diffusion, 
centrifugation and differential ionisation of isotope by laser. The gaseous diffusion method is 
based on the diffusion of UF6 gas through a barrier containing very small openings. The light 
molecules will enter the openings more often than the heavier, and if there is a suitable pressure 
difference between the two sides of the barrier, the lighter U-235 isotopes will collect on the low- 
pressure side. Since only a limited enrichment is possible in a single separation unit, it is 
necessary to repeat the process a number of times in a cascade. The need to provide the 
continuous pressure difference and to perform work on the gas, makes this process very energy 
intensive. The centrifuge concept is therefore increasingly replacing this methodology as the 
electrical power consumption of a centrifuge plant is a factor of 6 to 10 lower (Murray, 1988). In 
centrifuge separation, the forces acting on the UF6 gas set up gradients which are slightly different 
for each isotope. During the process, the heavier isotopes gather at the periphery and the lighter 
ones near the centre of the centrifuge. The degree of separation in each unit is higher than in a 
diffusion stage because separation depends on the difference in mass of the two forms of uranium 
hexafluoride and not on their ratio. The amount of material which can be processed at each stage, 
however, is much smaller. Because of their high specific hold-up and slow dynamics, gas 
diffusion plants are not suited for the re-enrichment of reprocessed uranium as it would take 
months to clear the contamination. The centrifugation process is better suited as it has a lower 
inventory and the plant is divided into a number of small cascades which are physically separated 
from each other (IAEA, 1996). A new and entirely different technique for separating uranium 
isotopes is laser enrichment. This process uses laser light to selectively ionise uranium-235 atoms, 
which can be drawn away from the unaffected uranium-238 atoms. Once ionised, the isotope can 
be collected by applying a large negative potential to a plate parallel to the vapour stream. The 
theoretical separation factors are much higher than in either of the gaseous processes, and this 
method promises to provide the best way to re-enrich reprocessed uranium as it selectively 
enriches the U-235 and ignores any contaminants (IAEA, 1996). Laser enrichment continues to 
require major research and development efforts and plants using laser technology will not be in 
operation before 2005 (IAEA, 1996). 
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In Europe there are two enrichment companies. Eurodif in France which operate a oaseous 
diffusion plant, and a European consortium, Urenco, in Germany, Netherlands and tile I JK which 
operate gas centrifugation plants. Urenco's plant in the UK is situated at Capenhurst near Chester. 
A-3.1 Capenhurst (Urenco) 
Natural or reprocessed uranium is delivered to the enrichment plant b) road as Uranium 
hexafluoride, UF6, in 48" containers which can hold up to 12.5 t UF6. Natural Uranium feed has 
0.71% of the fissile U-235, whereas in reprocessed uranium the residual U-235 content depends 
very much on reactor type and bum-up of the fuel. The containers are placed in an autoclave and 
heated to around 80'C. This causes the UF6 to vaporise and it is fed into fast spinnino gas 
centrifuges. The principles of a -as centrifuge unit are sho%An in Figure A-8. 
The UF6 is fed into the rotor b means of a pressure differential and t'Orced against its Nvall bN 
centrifugal force, so that the heavier U-238 concentrates closer to tile wall than tile lighter fissile 
isotope U-235. Lower and higher temperatures at the top and bottom of the centrifuoe oenerate a Cý -- L- 
countercurrent circulation within the rotor. Product in the central zone is swept to one end and 
depleted uranium at the periphery is swept to the other. The materials are then extracted by scoops 
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at each end of the rotor. The centrifuges are interconnected to form a cascade, and the process is 
repeated until the product is enriched and the tails depleted to the required levels. The UF6 is 
withdrawn from the cascades by compressors and piped to 30" containers in cooling boxes. The 
UF6 solidifies on contact with the cold walls. It takes about 3 to 4 days to evacuate a feed 
container and the enriched product is ready for transfer to the fuel fabricator after about six 
months. The tails or depleted uranium which contains around 0.2% U-235 is also collected in 
drums and removed for storage. 
The enrichment cascades are connected to operational units, each of which is entirely self- 
contained. This gives the flexibility to produce enriched uranium with different assays at the same 
time. It also allows enrichment of reprocessed uranium separately from natural uranium thus 
avoiding any cross contamination. This is important as reprocessed uranium contains several 
additional isotopes to natural uranium. The two of particular importance are U-232 and U-236. U- 
232 is produced by neutron capture and decay during and after irradiation. Owing to the very 
high-energy gamma radiation emitted by one of its daughter isotopes, TI-208, U-232 can cause 
gamma dose-rates from the feed containers an order of magnitude greater than from natural feed 
(Wilson, 1996). This leads to the need for additional shielding at the feed station and a strong 
incentive to re-enrich as soon as possible after recovery. U-236 is a neutron poison and requires 
additional enrichment in U-235 to compensate. Both isotopes tend to follow the enriched product 
stream rather than the tails, and the recycled enriched material must therefore be segregated from 
natural stock if the product is to be acceptable to the customers. 
A-3.1.1 Environmental Burdens 
The by-product of the enrichment process is depleted uranium which typically contains 0.2 - 0.3 % 
U-235. Approximately 7 kg arise for each kilogram of enriched uranium produced, and 
approximately 1.1 million tonnes of depleted uranium is currently in storage around the world 
(Lindholm, 1996). The radioactivity and radiotoxicity of this material is initially low, but these 
will increase with time due to decay products. There is also a chemical risk associated with UF6 
due to its fluorine content as it may react with moist air to form hazardous hydrogen fluoride gas. 
The various management options available for depleted uranium are use or reuse, conversion, 
storage or disposal. Depleted Uranium can be used to dilute Highly Enriched Uranium (HEU) 
from nuclear weapons and plutonium from reprocessing to create a material which can be used to 
fabricate fuel for normal LWRs. In these applications, depleted uranium has advantages over 
natural uranium. It allows the standard specification for low enriched uranium fuel, i. e. 2-5% U- 
235, to be met when mixed with HEU, and it allows more plutonium to be used in mixed oxide 
(MOX) fuel than if natural uranium is used (Lindholm, 1996). Depleted uranium can also be used 
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as fast reactor fuel or it can be re-enriched to low enriched uranium for LWR fuel. There are also 
a number of non-nuclear applications suitable for depleted uranium due to its high density, such as 
radiation shielding against x-rays or gamma-rays or in armament manufacture. Non-nuclear 
demand is decreasing, however, due to regulatory issues complicating the use of this material. 
The main long-term options for future use of depleted uranium are considered to be in fast reactors 
or accelerator-based transmutation devices (Lindholm, 1996). If these technologies do not develop 
to consume existing and arising stock of depleted uranium, the material could be considered as 
waste for final disposal. UF6 is not acceptable for final disposal, however, and it would have to be 
converted to a stable form such as U308 before disposal. 
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A-4. Power production 
The type of reactor employed in nuclear electricity generation is mainly characterised by the type 
of fissile fuel, reactor coolant and neutron moderator. Nuclear fuels consist of fissile materials, 
which produce a net increase in neutrons when they absorb neutrons, and fertile materials, which 
produce fissile material when they absorb neutrons. The principal fissile materials are U-235, Pu- 
239 and U-233 and the principal fertile materials are U-238 and Th-232. U-235 is the only fissile 
material that occurs in nature in significant quantity. Natural uranium consists of 0.711 % wt. U- 
235,99.282 wt. % U-238 and 0.0055 wt. % U-234 as a negligible trace constituent (Benedict, 
1981). Most power reactors are fuelled with either natural uranium or slightly enriched uranium 
containing from 2 to 5 wt. % U-235. 
The energy-producing stage is the fission of uranium nuclei under bombardment by neutrons. This 
releases about 200 MeV per fission, in the form of two heavy nuclei, called "fission products", and 
several energetic neutrons, at least one of which has to interact with another fissile uranium 
nucleus to continue the process. In order to slow down the fission neutrons to the thermal energies 
needed to sustain a thermal chain reaction, natural uranium reactors need a highly efficient 
moderator, such as heavy water, light water or graphite. As the fuel in a nuclear reactor is 
irradiated, it undergoes nuclear transmutations that cause its composition to change in the 
following ways (Benedict, 198 1): 
" Fissionable material is consumed. 
" Neutron-absorbing fission products are formed. 
* Heavy nuclides, mainly isotopes of uranium and plutonium, are formed. 
These changes in composition bring about changes in reactivity of the fuel, which eventually 
decreases to such an extent that the reactor will no longer be critical unless the spent fuel is 
replaced with fresh fuel (Benedict, 1981). The fuel is therefore removed after about 25-30% of the 
fissile fuel has been consumed (Eichholz, 1985). Figure A-7 shows the final composition of the 
spent fuel and the spent fuel management options. 
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The different types of nuclear power reactors are distinguished by the following features: 
Fuel natural uranium, enriched uranium or Mixed Oxide Fuel (MOX) 
moderator heavy water, light water, graphite or beryllium oxide 
coolants light water, carbon dioxide, helium and liquid sodium 
Materials structural materials that provides support, retention of fission products and 
heat conduction, e. g. aluminium, stainless steel and zircaloy 
The main nuclear power stations in the UK are listed below: 
Magnox Bradwell, Oldbury, Wylfa, Hinkley Point A, Dungeness A, Sizewell A, 
Calder Hall & Chapelcross 
AGR Heysham 1, Heysham 2, Hartlepool, Hinkley Point B, Dungeness B, 
Hunterston B& Torness 
PWR Sizewell B 
The Magnox reactors and AGRs are gas-cooled reactors with graphite moderators. The Magnox 
stations were named after the magnesium alloy used to make the fuel can containing the uranium 
fuel elements. These stations use natural uranium and are cooled with carbon dioxide. The second 
generation of these reactors are the advanced gas-cooled reactors (AGRs) which use enriched 
uranium oxide fuel contained in stainless steel pins. The pressurised Water Reactor (PWR) 
belongs to a group of reactors using ordinary or light water as the moderator and coolant. 
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Approximately 95% of the world's nuclear electricity generating capacity is provided by Light 
Water Reactors (LWR), and the most common type is the PWR. This reactor is therefore chosen 
as the reference technology and this assessment will consider the newly commissioned Sizewell B 
Pressurised Water Reactor. 
A-4.1 Sizewell B (Nuclear Electric) 
Britain's latest nuclear power station. Sizewell B, was switched on by Lord Wakeharn, a former 
Energy Secretary, on the 31 January 1995. Planning consent for the reactor was sought 111 1981 
and the public inquiry, which lasted for a record of 340 days, began two years later. At full power, 
., 
awatts of power, enough to meet domestic supplies for tip to 1.5 the station will provide 1,188 meg tD 
million people. 
Sizewell B is situated on the Suffolk coastline and is Britain's first pressurised water reactor. The 
PWR designed for Sizewell B is based on American technology which was originally developed 
for use in nuclear submarines because of its compact size. The main components of a PWR are 
shown in Figure A-8. 
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Figure A-8 Schematic drawing of Pressurised Water Reactor tl t-, 
The core of the reactor contains 193 vertical fuel assemblies, each containing, 264 fuel rods, and 53 
neutron absorbing control rods which can be moved in and out of the core to alter tile power levels. 
The control rods are normally raised or lowered using electromagnets. In the event of' a power 
failure or the need to shut the reactor down quickly, the supply to tile e1cctro-magnets is cut oft' 
and the rods drop automatically into the core by gravity, stoppino the chain reaction rapidlN. 
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The nuclear fuel is held inside a cylindrical steel pressure vessel filled with water under high 
pressure. This water cools the fuel and transfers the heat produced by the fission reaction to the 
steam generators. It also acts as a 'moderator' to slow down the neutrons released in fission so 
that they more readily promote further fissions (Nuclear Electric, 1994). The steam generator boils 
the water in another separate secondary circuit at a slightly lower temperature and pressure to 
provide the steam for the turbines. The radioactive primary circuit from the reactor core to the 
steam generators is kept within a primary containment vessel made from pre-stressed concrete and 
lined with steel (Nuclear Electric, 1994). 
The hot primary coolant water is pumped through the boilers, each comprising 5600 metal tubes 
surrounded by water in a separate secondary circuit. This water is at a lower pressure than in the 
primary circuit to allow the water to boil and produce steam. The steam is used to drive the two 
turbines which are mechanically connected to an electrical generator. The third main water system 
is the cooling-water circuit used to condense the steam. This takes in and lets out large quantities 
of sea water through off-shore intake and outfall tunnels. It is estimated that Sizewell B will take 
in and let out 3.1 million litres of water from the North Sea every minute. The cooling water 
temperature is raised by up to 12 *C before it is returned to the sea. 
A fraction of the primary coolant is diverted during normal operation through two auxiliary 
systems; the Chemical and Volume Control System (CVCS) and the Boron Recycle System (BRS). 
Any primary coolant which is discharged from the plant is letdown or discharged to the Liquid 
Waste Management System via these systems, and the demineralisers, filters and evaporator 
associated with them play a major role in reducing the activity of primary coolant. 
The main role of the CVCS is to control the chemistry of the primary coolant. The charging and 
letdown functions of this system are employed to maintain a programmed water level in the reactor 
coolant system pressuriser. The reactor coolant is let down to the CVCS and its temperature is 
reduced to approximately 46 `C by heat exchangers. The coolant then flows through several 
dernineralisers in the purification system. The dernineralisers remove ionic corrosion products and 
certain fission products. One mixed bed demineraliser is in continuous service and it can be 
supplemented intermittently by a cation bed demineraliser if required. The spent resins are flushed 
to the solid radwaste processing system. The coolant is then passed on to the Volume Control tank 
where fission gases are stripped from the coolant by hydrogen. The contaminated hydrogen is 
vented to the gaseous waste processing systems. Filters are provided at various locations to ensure 
the removal of particulates and resin fines. In the chemistry control system, the pH is controlled 
by lithium hydroxide (LiOH), and during start up from the cold shutdown state, hydrazine is 
employed as an oxygen scavenging agent (Nuclear Electric, 1995). 
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The BRS controls the boron content of the primary coolant and hence the reactivity of the reactor. 
Boric acid solution, H3BO3. is added to the water as it strongly absorbs neutrons in proportion to 
the number of boron atoms and thus inhibits neutron multiplication. To keep the reactor critical as 
fuel is consumed, the boron content is gradually reduced. The BRS takes reactor coolant from the 
CVCS, concentrates boron by evaporation for re-use and recycles the distillate to the primary 
coolant make-up tanks (Dutton, 1994). 
A4.1.1 Waste Management 
About once a year, approximately one third of the fuel is replaced. The spent fuel assemblies are 
lifted out of the top of the reactor and moved to a storage pond. The spent fuel can remain in these 
ponds for as long as necessary before they are transported away for reprocessing. 
For the Pressurised Water Reactor, the major radioactive arisings originate in the fuel or as 
corrosion products in the reactor coolant circuit. Thus the main source of active waste arisings is 
the primary coolant and most of the radio-active waste is managed by systems which treat liquid 
arisings. 
Liquid Waste Management system 
The following main categories of liquid waste are treated by the Liquid Waste management 
System (Dutton, 1994): 
Prima1y Coolant letdown As mentioned earlier, the Chemical and Volume Control System 
(CVCS) and the Boron Recycle System (BRS) play a major role in reducing the activity of primary 
coolant that is letdown to the Liquid Waste Management System (LWMS). It has been estimated 
that it may be necessary to discharge up to ten primary circuit volumes (2,400 m3) of liquid from 
the BRS to control tritium. Tritium is one of the sources of airborne activity which occurs as 
tritiated water and cannot be simply separated from the light water coolant. If the tritium content 
of the primary coolant becomes too high, it may not be possible to enter the reactor building either 
on-load or at the start of refuelling without breathing protection. 
Equipment (reactor) drains These wastes are uncontaminated coolant from components such as 
filters, valve leak-off collection and overflows from both the reactor coolant circuit on start-up and 
the Chemical and Volume Control System. The volume of this waste stream varies between 1,000 
and 5,000 m3/y and its activity depends on the amount of non-active water that is collected by the 
system. 
Door 
_drains 
These wastes consists of liquids that are collected in the active drains systems of 
the radiologically controlled area. They consist of fluid that has leaked from the active system and 
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fluids that have been used for decontaminating plant, plant rooms and components such as the 
spent ftiel flasks. The floor drain wastes will contain relatively large quantities of low active water 
and some mild chemicals. 
Pond Water Effluent Spent irradiated fuel is stored under water to allow decay of short-lived 
isotopes, particularly iodine, before transfer to a reprocessing plant or storage. The pond water is 
continuously treated to maintain its clarity and pH and to remove any radioactivity. 
In addition to the above, liquid waste is collected from the chemical drains, laundry and showers, 
condensate polishing plants, steam generator blowdowns and turbine building drains. The liquid 
waste streams are sampled, monitored and held up for the decay of short lived nuclides, either in 
dedicated monitoring tanks or in collection tanks, and filtered before discharge. If the activity is 
too high, the liquid can be returned to the evaporator or demineraliser for further treatment. 
Gaseous Waste Management System 
The Gaseous Waste Management System can be divided into the Gaseous Radwaste System 
(GRWS) and the Station Heating, Ventilation and Air-conditioning Systems (HVAC). 
The primary source of influent gas to the GRWS is the hydrogen purge gas from the Volume 
Control tank (see section 2.1.1). Smaller quantities are received via the vent connections from the 
boron recycle evaporator condenser, the reactor coolant drain tank, the pressuriser relief tank and 
the Boron Recycle System hold-up tanks. 
The design and operation of the GRWS is based on the ability to delay the passage of fission 
product gases through activated charcoal beds by selective adsorption and desorption. The delay 
time between adsorption and desorption of the fission product gases is sufficient to allow for a 
substantial decay time, thus reducing significantly the radioactive content of the gaseous discharge. 
The main flowpath through the system consists of a single pass through a cooler condenser, gas 
reheater, charcoal guard bed, charcoal main adsorber bed and a High Efficiency Particulate Air 
(HEPA) filter. The purpose of the charcoal guard bed is to protect the main adsorber from 
moisture if the condenser fails. The life of the charcoal in both the guard and main beds is such 
that it is unlikely that it will be necessary to replace the charcoal during the station life (Nuclear 
Electric, 1995). 
The station Heating, Ventilation and Air-conditioning system (HVAC) serve to maintain station 
interior environment and to control and clean up airborne radioactive contamination. In buildings 
containing contaminated or potentially contaminated areas, the extract system includes HEPA and 
charcoal filters. The unit vent discharge stack provides a high level release point for all potentially 
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contaminated VAC systems with the exception of the radwaste building HVAC system which has 
its own stack (Nuclear Electric, 1995). 
Solid Waste Management System 
The Solid Waste Management System (SWMS) located within the radwaste building consists of 
several subsystems which are designed to perform the following functions (Nuclear Electric, 
1995): 
" To provide remote transfer and hold-up capability for spent radioactive resins from the 
chemical and volume control system, fuel storage pond cooling and clean-up system, refuelling 
pool clean-up system, boron recycle system, liquid radwaste system, steam generator blowdown 
system and for spent activated charcoal from the liquid radwaste system. 
" To solidify and package concentrated waste solutions from the boron recycle and liquid 
radwaste evaporators, spent radioactive resin from the demineralisers, spent charcoal from the 
adsorber, spent filter cartridges and laboratory and decontamination chemical wastes for 
transport to the disposal facility 
Provide a means to remove and transfer the spent filter cartridges from the filter vessels to the 
solid waste processing system. 
To provide for collection, monitoring, sorting, accumulating, processing and packaging 
miscellaneous dry radioactive materials, such as paper, rags and contaminated clothing. 
To provide means of collecting, accumulating and incinerating low active dry combustible 
waste and waste oil 
To provide storage facilities for solid waste arisings 
A compactor, shredder and two oil-fired incinerators are used to reduce the volume of dry waste 
such as paper, rags, HEPA filters and contaminated clothing. The compactor and shredder are 
connected to the HVAC system, while the incinerator discharges flue gases directly to atmosphere 
via a dedicated stack. Gaseous emissions from the waste-oil incinerator are also discharged to 
atmosphere via its own stack. The conditioned Intermediate Level waste is disposed of in 500 litre 
drums, while the low level waste such as incinerator ash, are packaged in 213 litre drums. 
The spent resins are sent from storage tanks to the resin concentrating system. This consists of a 
hydrocyclone which removes excess water before resins are metered to the encapsulation plant. 
The concentrates from the boron recycle evaporator and the waste evaporator are also pumped to 
the encapsulation plant for solidification. The solidification system immobilises the concentrated 
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resins, active waste liquids and active spent filter cartridges in cement within a steel land burial 
drum. 
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A-5. Spent fuel Reprocessing 
Spent fuel which is discharged from the nuclear reactor after irradiation, still contains most of the 
fertile material (U-238) that was present in the fuel when charged, appreciable concentrations of 
fissile nuclides (U-235 and plutonium) and large amounts of radioactive, neutron-absorbing fission 
products (see Figure A-7). In the 1940s the irradiated fuel was processed to recover plutonium for 
military applications, while today, reprocessing plants recover uranium and plutonium for reuse as 
nuclear fuels. The fission products are removed and converted into forms suitable for storage and 
eventual disposal (Benedict, 1981). Variations of the PUREX (Plutonium Uranium Recovery by 
Extraction) process has become the universal choice for separation of uranium and plutonium from 
fission products in commercial scale civilian reprocessing plants This process which is based on 
solvent extraction using tri-n-butyl phosphate (TBP) dissolved in a largely inert hydrocarbon 
diluent, is used at the two European reprocessing plants at La Hague in the north of France and at 
Sellafield in the UK. 
A-5.1 Fuel Reprocessing at Sellafield (BNFL) 
Reprocessing at Sellafield in West Cumbria is carried out by British Nuclear Fuels (BNFL), and 
has taken place at this site since 1952, when the first Windscale plant started operation. This was 
replaced by the second Windscale plant in 1964 to reprocess fuel from the increasing number of 0 
Magnox reactors. More than 35,000 tonnes of Magnox fuel has passed through this plant during 
the last 40 years and 15,000 tonnes of the uranium recovered has been recycled in Britain's 
Advanced Gas-cooled Reactors. The third reprocessing plant to be constructed at the Sellafield 
site was the Thermal Oxide Reprocessing Plant (THORP). Design of the plant was delayed by the 
Windscale Inquiry of 1977 but restarted with a review of the design basis in 1981 (BNFL, 1991b). 
The plant which will principally receive fuel from Advanced Gas-cooled Reactors (AGR) in the 
United Kingdom and from Light Water Reactors (LWR) in Europe and Japan, began operation in 
1994 and has a design capacity of 1,200 tonnes uranium per annum. 
THORP comprises the two sections known as "Head End" and "Chemical Separation". The 
mechanical head end batch processes are designed to achieve a throughput of up to 7 tonnes 
uranium per day and the continuous Chemical Separation plant has a design throughput of up to 5 
tonnes uranium per day. A flowsheet with the main processing steps is shown in Figure A- 9, 
while detailed flowsheets of all the processes are given in Volume 2 of this thesis. 
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Figure A- 9 The Thermal Oxide Reprocessing Plant (THORP) 
The Head End of THORP covers fuel receipt and preparation, fuel shearing, dissolution and liquor 
clarification (BNFL, 1991b). When the PWR spent fuel is received at Sellafield, it is stored and 
cooled in the fuel pond for about five years. In the pond, the containerised assemblies are located 
vertically with neutron absorbers to prevent criticality. A minimum depth of three metres of water 
above the fuel flasks assure radiation protection. After storage, the fuel is transferred to the Head 
End Plant where the debottled fuel is sheared as complete assemblies and then suspended in hot 
nitric acid. The acid dissolves the fuel, leaving the undissolved residues consisting mainly of fuel 
cladding (hulls), in the basket. The contents of the basket are treated as Intermediate Level Waste 
(ILW) and sent to the encapsulation plant (see section A-5.1.1). As the fuel dissolves, inert gases 
and other volatiles are released together with nitrogen oxides and routed to the dissolver off-gas 
system. This system recovers much of the nitrogen oxides, recycles the nitric acid to the process, 
and subsequently removes Carbon-14, Iodine-129 and any residual nitrogen oxides in a caustic 
scrubber (see section A-5.1.1). The Carbon-14 is further removed from the scrubber liquor by 
precipitation and transferred to the encapsulation plant as ILW. The fuel solution which contains 
Plutonium purification 
Plutonium finishing 
(production of PuOý) 
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uranium and plutonium nitrates, is then sent through a centrifuge to remove the insoluble fission 
products and the cladding fines, before it is fed to the solvent extraction plant. The centrifugation 
cake (ILW) is sent to the encapsulation plant. 
The THORP solvent extraction process is of the PUREX-type and employs TBP diluted with 
odourless kerosene (OK) to extract uranyl nitrate and tetravalent plutonium nitrate from the 
aqueous nitric acid solution. There are four pulsed columns in the primary separation plant, and in 
the first column the uranium and plutonium are extracted into the solvent while the majority of the 
fission product activity (more than 99.9%) remains in the aqueous phase (BNFL, 1991b). The 
fission products stream is steam stripped to remove any solvent before it is routed to highly active 
waste treatment and subsequent vitrification (see section 5.1.1). The loaded solvent stream is 
contacted with nitric acid to further improve fission product decontamination before the plutonium 
and uranium are separated into a uranium solvent stream and a plutonium aqueous stream. The 
plutonium is extracted into the aqueous stream by addition of uranous nitrate which changes the 
vaIency state of the plutonium in the solvent phase from plutonium-IV to plutonium-III (BNFL, 
1995). The latter is almost in-extractable and is stabilised in the nitric acid solution by hydrazine. 
After separation, the plutonium nitrate solution is washed with OK to remove any residual TBP 
before it is re-oxidised with nitrogen oxides (NOx). The plutonium nitrate is further contacted 
with air to remove excess NOx and then fed to the plutonium purification cycle. 
The uranium bearing solvent stream from the separation column is further decontaminated from 
plutonium before it is contacted with a weak nitric acid solution which back extracts the uranium 
into the aqueous phase. This solution is conditioned to render ruthenium and neptunium in- 
extractable. Uranium purification is then carried out in mixer settlers which extract uranium into 
solvent to decontaminate it from neptunium, plutonium and residual fission products using a 
reductant (BNFL, 1991b). The final stage extracts the uranium back into the aqueous phase, and 
the resulting uranyl nitrate solution is then concentrated by evaporation and converted to uranium 
trioxide (U03) powder by thermal denitration. 
The plutonium purification cycle comprises two pulsed columns that first extract the plutonium 
nitrate into the solvent and remove fission products using nitric acid, and then back extract the 
plutonium nitrate using a reductant (BNFL, 1991b). The plutonium liquor is washed in OK and 
then mixed with nitric acid before concentration in an evaporator. The final plutonium nitrate is 
mixed with oxalic acid and separated from the aqueous stream by precipitation and separation. 
The plutonium oxalate is then heat treated and converted to plutonium dioxide (PU02) powder 
which is packaged in stainless steel cans under argon for safe storage. 
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A-5.1.1 Waste treatment plants 
The reprocessing of oxide fuels in THORP gives rise to solid, liquid and gaseous waste streams. 
Liquid and gaseous wastes are generally treated to reduce activity levels in order to enable their 
discharge to the environment, whilst the associated activity is concentrated into a solid form 
suitable for encapsulation. The radioactive solid waste types, Low Level Waste (LLW), 
Intermediate Level Waste (ILW) and High Level Wastes (BLW), have been described in detail in 
Chapter 4. The waste treatment plants directly associated with THORP include the Salt Azide 
Conditioning (SAC) plant, medium active Salt Free Evaporation (SFE) plant, salt free nitric acid 
recovery plant, waste solvent treatment plant, Low Active Effluent (LAE) plant and the Waste 
Encapsulation Plant (WEP). THORP is also fully integrated with Sellafield's existing waste 
treatment plants, and routes incorporated in the design allow the transfer of a number of waste 0 
streams to existing Magnox treatment plants. These include the Highly Active Liquor Evaporation 
and Storage (HALES) plant, the Salt Evaporator (SE), the Enhanced Actinide Removal Plant 
(EARP) and the Segregated Effluent Treatment Plant (SETP). THORP has two separate vessel 
ventilation systems, the Dissolver Off-Gas (DOG) system which treats the combined discharge 
from the three fuel dissolvers and the Central Off-Gas (COG) plant which treats the combined 
arisings from the remainder of THORP. Some of the main waste streams from THORP and their 
destinations are summarised in Table A-1. Detailed data and flowsheets for all of these treatment 
plants are included in Volume 2 of this thesis, and the plants are only briefly described here. 
Table A-1 Selected THORP waste streams 
Waste stream Treatment plants 
Flushing and crud from removing fuel from multi-element EARP & WEP 
bottles 
Leached hulls and ends (ILW) WEP 
Barium carbonate precipitate (ILW) WEP 
Centrifugation cake (ILW) WEP 
Aqueous raffinate from U/Pu separation (HLW) HALES & WVP 
Medium active aqueous effluents SFE 
Sodium salt bearing liquors SAC & SE 
Purged and floated-off solvents Solvent treatment plant 
Low active effluents LAE 
Off-gases COG & DOG 
Low Level Waste Drigg 
Salt Azide Conditioning plant (SAQ 
In the SAC plant, salt-bearing aqueous streams from the solvent wash cycles are conditioned with 
nitric acid to destroy any azide present. The conditioned liquid is contacted with air to remove 
dissolved gases and then sent to the Salt Evaporator (SE) for further treatment (BNFL, 1991b). 
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Salt Evaporator 
Salt raffinates from SAC in THORP are transferred to the Salt Evaporator. This plant treats 
sodium bearing effluents from both THORP and Magnox reprocessing, and the resulting 
concentrates are first stored to let the short lived isotopes decay before transfer to EARP (BNFL, 
1991b). 
Medium Active Sall Free Evaporation Plant (SFE) 
The medium active salt free liquors from THORP are fed continuously to a double effect 
evaporator system with an integral steam stripper column in the SFE plant to remove dissolved and 
entrained solvents. The condensate from this system is routed to the Low Active Effluent (LAE) 
system while the overhead vapours are fed to the nitric acid recovery plant. The concentrate from 
the second effect evaporator is further evaporated in HALES before vitrification (BNFL, 199 1 b). 
Nitric Acid Recovery Plant 
The overhead vapours; from the SFE are passed to a nitric acid fractionation column where 
concentrated acid product is taken off as a vapour. The recovered acid is re-used in the 
reprocessing plant, while the bottom product from the column is transferred back to buffer storage 
in SFE (BNFL, 1991b). 
Waste Solvent Treatment Plant 
Facilities to remove free phase solvent are provided at a number of locations in THORP to prevent 
unacceptable solvent losses being fed to effluent treatment facilities. Trace quantities of 
plutonium, uranium, fission products and process degradation products are removed by washing in 
the solvent wash tanks and the aqueous raff inates from the washing operations are transferred to 
SAC. Washed solvent and solvent purged directly from the process are sent to the site solvent 
treatment plant (BNFL, 199 1 b). 
Enhanced Actinide Removal Plant (EARP) 
EARP recovers significant quantities of soluble activity from effluent discharges, mainly in the 
form of alpha activity, but including some beta activity, by iron hydroxide floc precipitation. The 
floc produced by the process is dewatered prior to encapsulation in cement in the Waste Packaging 
and Encapsulation Plant (WPEP), and the effluents are sent to SETP (BNFL, 199 1 d). 
Site Ion Exchange Effluent Plant (SIXEP) 
In order to maintain the concentration of radioactive and non-radioactive ions at acceptable low 
levels in the fuel storage ponds, water is continually purged to SIXEP. This plant removes 
activity, primarily caesium and strontium, using ion exchange techniques and the treated liquid 
effluent is discharged to sea (BNFL, 199 1 d). 
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Low Active Effluent system (LAE)& Segregated Effluent Treatment Plant (SETP) 
The LAE plant collects acidic and neutral effluent streams in one receipt tank and the alkaline 
effluents in another. From here they are transferred to SETP, the Sellafield low active effluent 
treatment system, which accepts effluents from both Magnox and THORP reprocessing operations. 
The acidic liquors are neutralised and a hydrocyclone removes any heavy particulate material. 
Recovered solids are sent to WPEP, and the final effluents are sentenced and discharged to sea 
through the sea discharge tanks (BNFL, 199 1 d). 
Dissolver Off-gasplant (DOG) 
The off-gases from the fuel dissolvers in THORP are first condensed to entrain any fuel dust 
particles which are then washed back into the dissolvers. The off-gases are subsequently passed 
through a nitric acid recombination column for absorption of nitrogen oxides and removal of 
residual amounts of fuel dust. The nitric acid is transferred to the iodine desorption column which 
desorbes acid and recycles it to the process, while a caustic scrubber column recovers residual N02 
from the off-gases and absorbs iodine and C02. The spent caustic from the scrubber is transferred 
to the Carbon-14 removal plant where C-14 is precipitated by the addition of barium nitrate. The 
supernate is discharged to sea, while the insoluble carbonate is routed to the Waste Encapsulation 
Plant (WEP) as ILW (BNFL, 199 1 b). 
Central Off-gas plant (COG) 
The centralised off-gas system reduces the activity and toxic content of the ventilation gases 
extracted from process equipment using various treatment techniques such as caustic scrubbing 
and electrostatic precipitation. After specific treatment, dependent on the composition of the 
gases, the combined gases are dehumidified and then passed through primary and secondary HEPA 
filters before final discharge from the THORP stack. 
Waste Encapsulation Plant (WEP) 
WEP encapsulates the Intermediate Level Waste arisings from THORP in a cement matrix in 
stainless steel drums. The main feeds to the plant are the non-soluble sheared fuel cladding (Hulls) 
from the dissolvers, centrifuge cake slurry from the clarification of the dissolver product liquor, 
barium carbonate from the removal of Carbon-14 from the dissolver off-gases and MEB crud from 
the filtration of feed pond water. The waste handling capacity of the plant is typically 4 drums of 
slurry and 8 drums of hulls per day. In the case of the slurry containers, the waste is mixed with 
pre-blended quantities of dry Ordinary Portland Cement (OPQ and blast furnace slag (BFS). 
Where necessary acidic slurries are neutralised with lime prior to cement addition. In the case of 
hulls containers, most of the liquor associated with the hulls is removed and returned to THORP 
before OPC/BFS grout is pumped into the drums. All drums are then allowed to cure before 
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capping with an OPC and pulverised fuel ash (PFA) cement mix. The drums are lidded and sent 
for storage. 
High ly A clive L iquor Evaporation an d Storage (HALES) 
THORP highly active raffinates and other highly active effluents are transferred to the HALES 
plant for evaporation. The concentrate is conditioned and transferred to the Waste Vitrification 
Plant (VNP). 
Waste Vitrification Plant (WVP) 
Highly active concentrates from HALES are sent to the Vitrification plant where they are dried 
and partially denitrated in a calciner. The resulting dry powder, calcine, is mixed with crushed 
glass in a ratio of 20% waste to 75% glass in a melting pot and then poured into product 
containers. The vitrified waste is stored in storage channels which are air cooled, and may remain 
in these compartments for up to 50 years (BNFL, 199 1 c). 
Waste Packaging and Encapsulation Plant (WTEP) 
WPEP mainly encapsulates precipitated flocs from EARP, radioactive residues from SIXEP and 
other solids removed from SETP. The plant mixes the solid with cement in 500 litre stainless steel 
drums prior to storage. 
A-5.1.2 Reprocessing products 
The products from reprocessing are uranium trioxide (UO3) and plutonium dioxide (PU02). The 
reprocessed uranium may be converted into new oxide fuel using existing uranium processing and 
fuel manufacturing technology, but precautions must be taken to ensure that dose rates to operators 
remain low. This is because the uranium recovered from spent fuel has a higher activity due to the 
larger proportion of U-232 than in virgin material (see section A-3.1). The conversion processes 
from U02 to uranium hexafluoride (UF6) therefore include increased shielding and special disposal 
routes for the wash-out liquors from transport cylinders (Wilson, 1996). As discussed in section 
A-3.1, the reprocessed uranium may be enriched separately from natural uranium in the self- 
contained enrichment units to avoid cross contamination. The enrichment must be enhanced, 
however, to take account of the poisoning effect of U-236, and an extra 0.3 % U-235 is roughly 
required for each I% U-236 (Wilson, 1996). A second reprocessing cycle is chemically possible 
but is limited by the U-236 content of the material. U-236 is enriched together with U-235, and 
during irradiation some is converted via Np-237 to Pu-238. The latter has a high specific heat 
output and there is a limit on the amount allowed in the spent fuel transport flasks. Other limiting 
isotopes are U-232 and U-234 which could cause unacceptable doses in the fuel fabrication plants 
(Wilson, 1996). 
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Plutonium dioxide (PU02) may be used in Mixed Oxide Fuel (MOX) for thermal reactors or in 
fast-reactor fuel. The MOX fuel has a typical composition of 6% plutonium and 94 % depleted 
uranium oxide (U02)- In Europe, there are four facilities for the fabrication of MOX fuel and 28 
reactors licensed to use such fuel. The fuel manufacturing plant is similar to that for uranium fuel, 
but the design must allow for higher levels of radiation (Wilson, 1996). The PuO2 is diluted with 
U02 to limit reactivity and to simulate as far as possible the nuclear properties of enriched uranium 
fuel. The uranium used may be new stock, depleted tails from the enrichment process, or recycled 
(Wilson, 1996). The amount of MOX fuel in a typical LWR must be limited to about 30% for 
reactor safety. This is due to the higher neutron absorption properties of plutonium which 
competes with the reactor control and shut-down mechanisms. The use of plutonium in fast 
reactors is not further discussed here as these reactors have not yet been developed for commercial 
use. 
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Inventory calculations 
B-1. Mass balance calculations 
B-1.1 Power production 
A typical Pressurised Water Reactor (PWR) bum-up is 40 MWd/kg Uranium (Wilson, 1996). This 
is also chosen as the bum-up for the reference fuel used in BNFL's calculations (BNFL, 1991). 
The functional unit of this study is the production of I TJ of electricity, and the data in the 
inventory is converted to reflect this using the amount of uranium consumed. 
Burn-uR(thermal) 40MWd/kgU =40*24hrs*3600s=3456000MJ/kgU =3.456TJ/kg 
U 
Burn-uR (electric) 1.152TJ/kgU 
It is assumed that the conversion efficiency (thermal to electric) is that of a typical PWR reactor 
1/3 (Wilson, 1996) 
This makes the uranium consumRtion 0.87 kg U/TJ 
According to Nuclear Electric's Environmental report 1995/96 (Nuclear Electric, 1996), the station 
output in the financial year 95/96 was 7.88 TWh (28368 TJ) 
Hence 0.87 kg U/TJ * 28368 Tj = 24680 kg of U was consumed in the financial year 95/96. 
B-1.2 Enrichment 
The flow of UF6 and thus uranium through the enrichment plant can be analysed by simple 
material balances based on the U-235 weight fractions in the flows. 
F=P+W 
xfF = xpP + x,, W 
where F Feed 
P Product 
W Waste 
x the U-235 weight fractions in the flows 
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The two equations can be solved to obtain the ratio of feed and product mass rates: 
xp-xw 
Xf -xw 
Hence, to obtain I kg of enriched product containing 3.6% wt U-235 from natural uranium 
(0.711 % wt U-23 5) with a tails assay of 0.3 % wt U-23 5 (Urenco, 1996), the fol lowing feed and 
product mass ratio is required: 
F 0.036-0.003 
,=8 P 0.00711-0.003 
This ratio gives the following mass flows, P=I kg, F=8 kg and W=7 kg. 
To produce I TJ electricity from 0.87 kg U in the fuel elements, 1.29 kg of enriched UF6 is 
required. This is found from the ratio of molecular weights as follows: 
UF6 352g/mol 
= 1A8 0.87 kg U =- 0.87 * 1.48 = 1.29 kg UF, 5 U 238g/mol 
In order to produce 1.29 kg enriched UF6, approximately 10.32 kg UF6 must be produced in the 
conversion plant (see B-1.3): F=P*8=1.29 kg UF6 *8= 10.32 UF6 
The corresponding amount of depleted tails is 9.03 kg U176 : 
W=P*7=1.29 kg UF6 *7=9.03 kg UF6 
B-1.3 Fuel Manufacturing 
a) Production of UF6 before enrichment 
The fuel manufacturing plant converts Uranium concentrate (U308) to Uranium hexafluoride 
(UF6)- In order to produce I TJ of electricity, 10.32 kg natural UF6 is required (section B-1.2). 
10.3 kg UF6 contains 6.96 kg U (using molecular weight ratio in B-1.2) 
For the purpose of these mass balance calculations, 100 % uranium recovery is assumed in the 
conversion plant. Using molecular weight ratios, the amount of uranium concentrate required is: 
U308 
= 
842g/mol 
= 1.18 6.96 kgU a 6.96 * 1.18 = 8.2 kg U30s U3 714g/mol 
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b) Production Of U02 for PWR fuel production 
To produce I TJ electricity, 1.29 kg of enriched UF6 is required (Section B-1.2). This is converted 
to U02 for the production of PWR fuel. Assuming 100% conversion efficiency and using the 
molecular weight ratios, the amount Of U02 in the fuel is: 
U02 
= 
270g / mol 
= UF6 352g/mol 
0.77 1.29 kg UF6 ý 1.29 * 0.77 =1 kg U02 
B-1.4 Mining/milling 
The amount of Uranium concentrate required to produce I TJ of electricity is 8.2 kg (6.96 kg U). 
The amount of ore required to produce this depends on the ore grade of the specific mine in 
question. The uranium recovery efficiency in the mill is around 90 % (IAEA, 1993). Assuming 
the ore is supplied by Rossing which has an average ore grade of 0.03%, the amount of ore milled 
is: 
6.96 kg U/ (0.9 * 0.0003) = 25,778 kg ore. 
Tailings arising from the milling process can be assumed to be the same amount. If one assumes ZP 
that approximately 30% of the material mined is ore for milling (see inventory in Volume 2) while 
the rest is waste rock, the total amount of ore mined is approximately 86 tonnes and the amount of 
waste rock from the mining is 60 tonnes (Rossing, 1997). 
B-1.5 Fuel Reprocessing 
THORP processes oxide fuel irradiated up to 40 MWd/kg U from an initial enrichment of 3.6% U- 
235 and cooled for 5 years prior to reprocessing. The initial fuel in the reactor contains 
approximately 4% U-235 and 96 % U-238. The composition of the fuel after irradiation is (See 
Appendix A): 
I% U-235 
5% Fission product 
I %PU 
93% U-238 
Hence the spent fuel contains 94% of the uranium in the fresh fuel, i. e. 0.82 kg U/TJ. When using 
the reprocessing data in the inventory in Volume 2, it is important to note that in some cases the 
values are given per kg Uranium before irradiation, i. e. the data needs to be normalised to 0.87 kg 
U/TJ rather than 0.82 kg U/TL 
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The products from reprocessing which may be further recycled as reactor fuel, are uranium and 
plutonium. Using the ratio of molecular weights and assuming a 100% recovery for these mass 
balance calculations, the amount of uranium that may be recycled is 0.82 kgU/TJ in 1.09 kg U03 : 
U= 238g/mol 
= 0.75 0.82 kg U -= 0.82 / 0.75 = 1-09 kg U03 U03 316g/mol 
The spent fuel contains 1% plutonium, i. e. 0.87 * 0.01 = 0.0087 kg Pu/TJ. Using the ratio of 
molecular weights and assuming a 100% recovery for these mass balance calculation, the amount 
of plutonium that may be recycled is 0.0099 kg PuO2 
Pu 244g / mol 
= 0.88 0.0087 kg Pu =- 0.0087 / 0.88 = 0.0099 kg Pu02 PU02 276g/mol 
B-2. Energy Calculations 
B-2.1 Mining/Milling 
The Mining and Milling sites have electricity provided by their own grids or by their own power 
plants. In order to produce 1 TJ of electricity 8.2 kg Of U308 is required from the mines. 
Rossing 
The electricity requirement at Rossing in 1995 was approximately 154 GWh. Rossing's power is 
obtained from Namibia's national power grid supplied by SWAWEK. The approximate 
proportion that the grids obtain from various power sources are 
55% Hydro power (in average rainy season) 
45% Coal power 
Depending on availability of the above, power may be imported from South Africa through the C) 
regional grid (Rossing, 1995). 
Rossing produced 23 66 tonnes Of U309 in 1995 and the amount Of U308 required to produce I TJ 
of electricity is 8.2 kg/yr. 
Table B. 1 Summary of Rossing calculations 
MWh/yr kgU308/yr kgU30g/TJ MWh/TJ 
1995 154001 2.26E+06 8.2 0.53 
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Part of the power consumption at Rossing may be allocated to the haul trucks which use electric 
pantographs when they enter and exit the mine. The electricity consumed by these vehicles in a 
year may be calculated as follows (Rossing, 1997). 
Power consumption per load: 77 kWh/hr 
Mean output from pit: 52 loads/hr 
Mean electrified ramp length (4 ramps): 750 m 
Operating hours: 720 hrs/month 
The power consumption in a year = 
77 kWh/kin * 0.75 km * 52 loads/hr * 720 hrs/month * 12 months/yr = 25.95 * 106 kMWyr 
This is approximately 17 % of the yearly electricity consumption (25950/154001 = 0.17). 
Ranger 
The Ranger site has its own power plant which supplies electricity to the mine and township of 
Jabiru'. In 1995, the mine consumed 29,308 MWh which was provided by five diesel and one 
steam turbine-driven alternator sets. In the same year, the mine produced 1616 tonnes Of U308- 
Table B. 2 Summary of Ranger calculations 
I MWh/yr kgU308/yr kgU30s/TJ MWh/TJ 
1 1995 29,308 3.564E+06 8.2 0.15 
B-2.2 Springfields 
It is assumed that all electricity consumed by Springfields is provided by the UK national grid. 
Table B. 3 gives a breakdown of electricity consumption for PWR fuel manufacture for the 
financial year 1995/96 (BNFL, 1996a). 
Table B. 3 Springfields, electricity consumption 
Description Electricity consumption % of Site 
(kWh) consumption 
NOFC - Hex conversion to U02 8,582,096 6.60 
NOFC - PWR Pelleting 171,529 0.13 
NOFC - PWR Canning/Assembly 1,402,393 1.10 
Total at site 129,810,000 100.00 
1 Electricity consumption in the township of Jabiru is not included in the calculations, although the township is there to sustain the 
mine. This is consistent with all the other sites as electricity consumption for, for example, office space have not been included. 
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a) Production of UF6 before enrichment 
The electricity consumption at the site excluding the electricity consumed in the New Oxide Fuel 
Complex (NOFC) is 119,654 MWh/year (using information above). This electricity is used in the 
production of Magnox fuel and UF6 for enrichment. The ratio of Magnox fuel production to the 
production of UF6 which is used in oxide fuel is approximately 1: 4 by mass (BNFL, 1995). As the 
electricity consumption used to produce Magnox fuel is not available, it is assumed that the energy 
consumption is relative to the mass ratio, i. e. the energy consumed to produce UF6 is 
approximately: 
119.654 MWh/year * 0.8 = 95,723 MWh/year 
The amount of UF6 produced in a year for the production of PWR fuel is 8.88E+06 kg and the 
amount required in order to produce I TJ of electricity is 10.3 kg UF6/yr (see Data Inventory, 
Volume 2). 
Table BA Summary of Springfields calculations (a) 
I MWh/yr kg UF6/yr kg UF6/TJ MWh/TJ 
,I 1 1995 95,723 8.8813+06 10.3 0.11 
b) Production Of U02 for PVM fuel production 
The total energy consumption in the NOFC plant is 10156 MWh/year, and the total production of 
U02 in a year is 1.42 E+06 kg U02/yr (see Data Inventory, Volume 2). In order to produce I TJ 
electricity, I kg OfUO2 is required (section B-1.3b). 
Table B. 5 Summary of Springfields calculations (b) 
I NMh/yr ýg U02/yr kg U02/TJ MWh/TJd 
1 1995 10,156 1.42E+06 1 0.007 
B-2.3 Capenhurst 
The electricity consumption at Urenco (Capenhurst), was 120,107 MWh in 1994 and 109,212 
MWh in 1995 (Urenco, 1996). It is assumed that the power supply is taken from the UK national 
grid. The annual production of enriched UF6 from Urenco in these years were 234 tU and 227 tU 
respectively. The amount of enriched Uranium Hexafluoride (UF6) required per TJ of electricity is 
1.29 kg UF6/TJ (section B-1.2). This is equivalent to 0.87 kg U/TJ (section B-1.2). Using this 
information, the electricity consumption during enrichment in relation to the functional unit of the 
study may be found: 
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Table B. 6 Summary of Capenhurst calculations 
MWh/yr kgU/yr kgU/TJ MWh/TJ 
1994 120,107 234,000 0.87 0.45 
1995 109,212 227,000 0.87 0.42 
B-2.4 Sizewell B 
It is assumed that the power supply for the operation of Sizewell B is taken from their own power 
generation. According to Nuclear Electric's Environmental Reports, the electricity consumption 
on the site was 503 GWh in 1995/96 and 448 GWh in 1996/97. The reactor output during these 
periods was 7.88 TWh and 8.44 TWh respectively. Using the more pessimistic figure of 1995/96, 
the electricity consumption per TJ of electricity produced is found as follows: 
7.88 TWh/year = 28,368 TJ/year 
503,000 (MWh/yr) / 28,368 (TJ/yr) = 17.7 MVAVTJ 
Table B. 7 Summary of Sizewell calculations 
NMh/yr TWh/yr MWh/TJ 
(consumption) 
_ __ 
(production) 
1996 503,000 7.88 17.7 
1997 448,000 8.44 14.7 
B-2.5 Sellafield 
At Sellafield, all electricity is supplied by the nuclear reactor at Calder and from a Combined Heat 
and Power (CHP) plant. Site services at Sellafield estimate that THORP utilises approximately 
half the site's demand for electricity and that electricity is supplied from the CHP and Calder in a 
ratio of 2: 1 (BNFL, 1996b). Sellafield's demand for electricity varies between 29 and 36 MW per 
day with an average of 32 MW. If one assumes constant demand for 24 hours, this is an average 
value of 768 MWh per day (BNFL, 1996b), corresponding to a yearly demand of approximately 
280,320 MWh. If THORP utilises approximately half of this, the consumption is 140,160 
MWh/yr. According to the THORP division's own electricity data, the electricity consumption in 
1995/96 was 107,540 MWh (BNFL, 1996c). 
The general data and the THORP specific data for 1995 is summarised in Table B. 8. The higher 
value is used in calculations, as electricity usages for some of the downstream processing plants 
have not been included in the THORP specific data. 
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Table B. 8 Summary of Sellarield calculations 
MWh/yr kgU/yr kgU/TJ MWh/TJ 
General data 140,160 
THORP data, 1995 107,540 
1200,000 
1200,000 
0.87 
0.87 
0.10 
0.08 
1 
B-2.6 ETH data 
In Chapter 4, the primary electricity data which have been collated for the fuel cycle are compared 
with electricity data reported for different fuel cycle stages in the ETH & PSI inventory (1996). 
The following tables summarise the calculations which have been performed to find the electricity 
consumption per TJ. The upper and lower values refer to the highest and lowest values reported 
for the different sites which are considered in the report. In the final ETH inventory, these values 
have been averaged. 
Table B. 9 Mining and Milling 
TJ/kgU kg U/TJ kWhfrJ 
Lower value 3.913-05 6.99 76 
Upper value 9.2E-05 6.99 179 
Table B. 10 Fuel Manufacturing 
TJ/kgU kg U/TJ kWh/TJ 
Conversion 
Lower value 
Upper value 
3.3E-05 
3.7E-05 
6.96 
6.96 
64 
72 
Manufacturin 
Lower value 
1 Upper value 
8. OE-05 
3.5E-04 
0.87 
0.87 
19 
85 
Table B. 11 Enrichment 
TNUTA kg UTA/kg U (enrich) kg U (enrich) /TJ kW 
Lower value 1.8E-04 
Upper value 3.613-04 
4.52 
4.52 
0.87 
0.87 
197 
394 
Table B. 12 Reprocessing 
TJ/k2U kg U/TJ kWh/TJ 
-Ewer value T6E---OT-. - 0.87 63 
Upper value 9AE-04 0.87 227 
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B-3. Waste and Transport Calculations 
Information on transport of non-irradiated and irradiated materials has been obtained from 
personal communication with the relevant transport services, and is included in Volume 2 of this 
thesis. This section will cover the transport calculations made for waste materials based on 
information available in the UK Waste Inventory published by Nirex (Nirex, 1996). 
B-3.1 Transport of Low Level Waste (LLW) 
Table B. 13 Sizewell B 
LLW 
Volume 
m3 /yr 
Bulk densi 
tonneS/m 3 
Weight 
tonnes/yr 
Stations maintenance & 34.0 0.50 17.00 
operations 
Secondary filters 0.5 0.85 0.43 
Secondary resins 8.5 1.10 9.35 
Total 43.0 26.78 
Source: Nirex (1996) 
NB assume no high-force compaction on site 
43 m3 /yr in 200 litre drums = 215 drums/yr 
215 drums/yr and 90 drums/journey = 2.4 journeys/yr 
26.78 tonnes/yr and 2.4 journey/yr = 11.2 tonnes/journey 
Electricity production at Sizewell B (95/96) : 28368 TJ/year 
Hence 
production of LLW= 26780 kg/28368 TJ= 0.94 kg/TJ 
Table B. 14 Springfields 
LLW 
Volume 
in 3/yr 
Bulk density 
tonneS/m 3 
Weight 
tonnes/yr 
Process Waste from Fuel 5.0 0.74 3.7 
Manufacture 
Kiln residues (NOFC) 5.0 1.00 5.0 
Ventilation filters 10.3 0.35 3.6 
(NOFC) 
Scrap molybdenum & 0.2 3.93 0.8 
grinding wheels (NOFC) 
General Waste (NOFC) 
- - -- 
4.3 2.00 8.6 
rTýotal ( m Tyr) 24.8 21.7 
Source: Nirex (1996) 
(NOFC - New Oxide Fuel complex) 
NB assume no high-force compaction on site 
24.8 rn 3 /yr in 200 litre drums = 124 drums/yr 
124 drums/yr and 90 drums/j ourney = 1.4 j ourneys/yr 
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21.7 tonnes/yr and 1.4 joumey/yr = 15.5 tonnes/j oumey 
NOFC U02 powder and pellet production capacity : 290 tU/year 
Uranium consumption in reactor: 0.87 kgU/TJ 
Hence 
production of LLW= (21,700 kg/290,000 kgU) * 0.87 kgU/TJ= 0.07 kg/TJ 
Table B. 15 Sellarield 
Total volume 2/3 PWR fuel Conditioning Conditioned volume 
LLW m3 /yr M 
3/yr factor M3 /yr 
Waste from 4130 2753 0.4 1101 
THORP 
Source: Nirex (1996) 
THORP average throughput in first 10 years = 700 tU/year 
This is made up of approximately 113 AGR fuel and 2/3 LWR fuel, 
i. e. assumed throughput of PWR fuel is 467 tU/year 
Uranium consumption in reactor: 0.87 kgU/TJ 
(Assume density of waste is that of cement = 2700 k g/M 3 (Titley et al., 1996)) 
Hence 
production of LLW 
=(1101 in 
3 /467,000 kgU) * 0.87 kgU/TJ = 0.0021 M3 /TJ = 5.5 kgITJ 
B-3.2 Transport of Intermediate Level Waste (ILW) 
Table B. 16 Sizewell B 
Volume Conditioning Conditioned volume 
ILW m 
3/yr factor m 
3/yr 
Primary spent resins 9.2 2 18.4 
Evaporator concentrate 5.0 2 10.0 
Primary filters 0.4 5 2.0 
[Total (m'/yr) 14.6 30.4 
Source: Nirex (19 96) 
NB assume conditioning on site 
30.4 rn 3 /yr in 500 litre drums = 60.8 drums/yr 
60.8 drums/yr and 4 drums/journey = 15.2 journeys/yr 
0.5 m3 in each drum =2 M3 transported/journey = 5400 kg/journey 
(Assume density of waste is that of cement = 2700 kg/m3 (Titley et al., 1996)) 
Electricity production at Sizewell B (95/96): 28368 TJ/year 
Hence 
30.4 m3 /28368 TJ = 0.00 11 M3 /TJ = 2.89 kg/TJ 
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TabIe B. 17 Springfields 
ILW 
Volume 
in 
3 /yr 
Conditioning 
factor 
Conditioned volume 
m 
3/yr 
Magnesium Fluoride filters 0.2 2.0 0.4 
(NOFC) 
HEX cylinder heel 13.0 2.5 32.5 
washings (NOFC) 
Process residues (NOFC) 0.2 3.0 0.6 
Total (M3 /yr) 13.4 33.5 
aource: IvIrex (I YYO) 
(? VOFC - New Oxide Fuel complex) 
NB assume conditioning on site 
33.5 m3 /yr in 500 litre drums = 67 drums/yr 
67 drums/yr and 4 drums/journey = 17 journeys/yr 
0.5 M3 in each drum =2m3 transported/journey = 5400 kg/journey 
(Assume density of waste is that of cement = 2700 k g/M3 (Titley et al., 1996)) 
NOFC production capacity : 1250 tU/year (best estimate, as most waste arise from 
NOFQ 
Uranium consumption in reactor: 0.87 kgU/TJ 
Hence 
(33.5 m3/1250,000 kgU) * 0.87 kgU/TJ = 2.3E-05 M3 /TJ = 0.06 kg/TJ 
Table B. 18 Sellafield 
ELW 
Total volume 
m3/yr 
2/3 PWR fuel 
m 3/yr 
Conditioning 
factor 
Conditioned 
m3/yr 
Plutonium Contaminated 80.4 53.6 0.5 26.8 
Material 
LWR cladding 171.0 -- 1.06 181.3 
Misc. beta/gamma waste 88.0 58.7 1.0 58.7 
Barium Carbonate slurry 13.4 8.9 1.8 16.0 
Multi Element Bottle 3.2 2.1 1.8 3.8 
(MEB) crud 
Centrifuge Cake Slurry 34.6 23.1 2.0 46.2 
SIXEP ion exchange 13.0 8.7 1.0 8.7 
material & sand 
EARP floc 43.4 28.9 1.43 41.3 
LWR Pond sludge 0.1 - 1.0 0.1 
Total ( 3/yr) 447.1 382.9 
aource: ivirex (iyyo) 
THORP average throughput in first 10 years = 700 tU/year 
This is made up of approximately 1/3 AGR fuel and 2/3 LWR fuel, 
i. e. assumed throughput of PWR fuel is 467 tU/year 
Uranium consumption in reactor: 0.87 kgU/TJ 
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(Assume density of waste is that of cement = 2700 k g/m 3 (Titley et al., 1996)) 
Hence 
(382.9 M3 /467,000 kgU) * 0.87 kgU/TJ = 0.00071 m3/TJ = 1.9 kg/TJ 
B-3.3 Transport of High Level Waste (HLW) 
Table B. 19 Sellafield 
Total volume 2/3 PWR fuel 
HLW m3 /yr m3 /yr 
Vitrified waste from THORP 0.96 0.64 
Source: Nirex (1996) 
THORP average throughput in first 10 years = 700 W/year 
This is made up of approximately 1/3 AGR fuel and 2/3 LWR fuel, 
i. e. assumed throughput of PWR fuel is 467 tU/year 
Uranium consumption in reactor: 0.87 kgU/TJ 
(Assume density of waste is that of borosilicate glass = 2700 kg/m 3 (Titley et al., 1996)) 
Hence 
(0.64 M3 /467,000 kgU) * 0.87 kgU/TJ = 1.1 9E-06 M3 /TJ = 3.22E-03 kg/TJ 
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Impact Assessment calculations 
C-1. Direct Discharges to Atmosphere 
The screening methods used to find the risk associated with direct discharges to atmosphere have 
been adapted from the NCRP report on "Screening models for releases of radionuclides to 
atmosphere, surface water, and ground (NCRP, 1996). The models are described in detail in the 
original publication and only a short summary is given her. The application of these model in 
LCA is illustrated by examples which assess the atmospheric discharge of Cs-137 from the Central 
Off-gas system (COG) in THORP. The screening factors used in the examples are listed in 
Appendix D. The models are described using the dimensions appropriate for the assessment of 
flows, while the examples show how the same calculations would be performed using the 
inventory data and emission pulses as described in Chapter S. 
C-1.1 Atmospheric Screening Level I 
The simplest screening; technique assumes that the atmospheric concentration at the receptor is 
equal to the atmospheric concentration at the point of release (NCRP, 1996): 
C=fQ/V ..................................................................................................... (B-1) 
where C average atmospheric concentration at receptor (Bq /M 3) 
f fraction of the time the wind blows toward the receptor of interest 
(dimensionless) 
Q effluent release rate (Bq/s) 
V volumetric flow rate at point of release (M3/S) 
If the volumetric flow rate is not known, a default value of 0.3 m 3/S (9.46E+06 M3 /year) is 
recommended in the report. This value has been based on a review of flow rates for hoods venting 
directly to the atmosphere. The default value for 'f' is normally 0.25, i. e. it is assumed that the 
wind blows only 25% of the time toward the potentially exposed individual. A simple example of 
Screening Level I is shown below: 
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Example 1 Atmospheric discharge of Cs-137 (Screening level I) 
Radionuclide Cs-137 
Amount released (Q) 5.74 Bq/TJ 
Volumetric flow rate (V) 9.46E+06 MI/Y 
Exhaust concentration: C. = Q/V 6.07E-09 Bq y/M3 TJ 
Atmospheric concentration: C=0.25 C. 1.52E-07 Bq Y/M3 TJ 
(assumes that the wind blows only 25% of the time towards th e potentially exposed individual, 
i. e. f=0.25) 
Screening factor for the radionuclide (SF) 0.22 Sv m3/y Bq 
Screening value: SV =C SF 3.34E-08 Sv/TJ 
Annual risk: R=F SV 2. OE-09 Ti-I 
(assumes that the probability per unit dose of detrimental health effect T' is 0.06 Sv") 
C-1.2 Atmospheric Screening Level II 
The atmospheric screening level 11 model is based on the ground-level, centerline Gaussian plume 
atmospheric dispersion model (NCRP, 1996): 
C= 
fQ 
exp 0.5( 
H) 
2] 
.................................................................... (B-2) 7C U CYyCFZ CFZ 
where C atmospheric concentration (Bq/m 3) 
u mean wind speed (m/s) 
f fraction of the time the wind blows toward the receptor of interest 
(dimensionless) 
Q Effluent release rate (Bq/s) 
H height of effluent release (m) 
cry, a,. horizontal and vertical turbulent diffusion parameters (m), which are a 
function of the atmospheric stability and the distance (x) between the 
release point and the receptor of interest. 
For purposes of screening annual average atmospheric concentrations, it is assumed that the terrain 
over which the release is made is flat and that the meteorological conditions are constant. These 
assumptions generally restrict the range of validity of these models to a region within 50 - 100 km 
of the source. 
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The Gaussian model has several different versions depending on the relationship between the 
height at which the effluent is released, and the height of the buildings which dominate the 
atmospheric flow near the release point (Figure B-1). 
x 
d 
Receptor 
Figure B-1 Dimensions used in screening calculations (Adapted from NCRP, 1996). 
The different versions are briefly described below, but for more detail the reader is referred to 
NCRP (1996). 
a) Isolated Point Source, No Wake Effects, H>2.5 hb 
If the release height is larger than 2.5 times the building height, the source is well above 
the perturbed flow around the neighbouring buildings, and the buildings will not affect 
atmospheric dispersion. The atmospheric concentration at the receptor (equation B-2) may 
be calculated as: 
c=fQP..................................................................................................... (B-3) 
u 
where P=I exp -05 
(H] 
7c Cry CFZ 
I 
cy Z) 
Values of the dispersion factor, P, as a function of downwind distance for various values 
of H may be found from Figure B-3 in Section B-3. 
Wake Effects, H: ý 2.5 bb 
The building will affect the atmospheric dispersion, and entrainment of the effluent into 
the wake behind the building may occur. This can produce dispersion in the lee of the 
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building that is greater than that normally calculated using standard Gaussian plume model 
parameters. 
To determine which type of atmospheric dispersion model to use in situations where 
building wakes are formed, it is necessary to determine the projected cross-sectional 
frontal area, A., of the building most influencing the flow. 
Ag = hb h...................................................................................................... (B4) 
where hb height of building 
h,, width of building 
A distinction is then made between "near-wake region" and "outside near-wake region" 
using the distance, x, between the point of release and the nearest point of exposure. If the 
following argument is true, the receptor is outside the "near-wake region": 
x ý: 2.5 (Ado-5 or x ; -> 100 m 
and the atmospheric concentration is defined as: 
C=fQ (B or P)/u ........................................................................................... (B-5) 
where the building wake dispersion factor, B (Figure B-4 in Section B-3), is used 
if 
x< 2000 m and the atmospheric dispersion factor, P, is used if x> 2000 m. 
Otherwise, if the distance to exposure is in the near-wake region, the atmospheric 
concentration is given by the following equation: 
C=f Q/n uh..................................................................................................... (B-6) 
where h is the smaller of the two building dimensions, hb or h,. 
Source and Receptor on same buildint, surface 
If the release point and the exposure point are both located on the roof, on the same side of 
the building or in the same building, the following procedure is adopted: 
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If x! ý 3 times the diameter of the stack or vent, the atmospheric concentration is calculated 
using equation B- I and it is assumed that the wind always blows towards the receptor, i. e. 
f=I 
If x>3 times the diameter of the stack or vent, the following equation is used to calculate 
C: 
C=B. Q/uh x' ............................................................................................. (B-7) 
where B,, = 30 this factor accounts for potential increases in the atmospheric 
concentration along a vertical wall that are due to the 
presence of zones of air stagnation created by building wakes 
Uh the mean wind speed (m/s) at roof level upwind of the 
building 
Once the atmospheric concentration has been determined using one of the scenarios above, the 
radionuclide specific screening factors are applied and the Screening values are found using 
equation 5.2 (Chapter 5). 
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Example 2 Atmospheric discharge of Cs-137 (Screening level II) 
The following infonnation is known for the system: 
Stack Height (H) 125 m 
Distance between release point 
and point of potential exposure (x) 500 M 
Amount released Q 5.74 Bq/TJ 
The following data is estimated to be able to cgM out the calculations: 
Dispersion factor (P) 2.50E-06 M-2 
(estimated from Stack Height and exposure distance using standard graphs) 
Wind speed (u) 6.3E+06 M/Y 
Assume that the wind blows 25% of the time towards the potentially exposed individual 
It is also assumed that there is no effect of the building on the atmospheric dispersion of the released 
radionuclides, i. e. the release height (stack) is greater than 2.5 times the height of the bui ZP 
I 
The atmospheric concentration may be calculated as 0.25 
PQ 
U 
Atmospheric concentration (C,,,,, ) 5.7E-13 Bq y/TJ M3 
Screening factor for the radionuclide (SF) 0.22 SV M3 /Bq y 
Screening value: SV = C,. SF 1.25E-13 Sv/TJ 
Annual risk: R=F SV 7.5E-15 TrI 
(assumes that the probability per unit dose of detrimental health effect T' is 0.06 Sv-1) 
C-2. Direct Discharges to Water 
The screening methods used to find the risk associated with direct discharges to water 
environments have been adapted from the NCRP report on "Screening models for releases of 
radionuclides to atmosphere, surface water, and ground (NCRP, 1996). The models are described 
in detail in the original publication and only a short summary is given here. The application of 
these model in LCA is illustrated by examples which assess the discharge of Cs-137 in the pond 
purge from THORP. This effluent is directly discharged to sea. In order to illustrate the use of 
Screening Level 11, however, two scenarios are considered for the pond purge; discharge to a river 
as well as discharges to the sea. The screening factors used in the examples are listed in Appendix 
D. 
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C-2.1 Surface water Screening Level I 
The simplest screening technique for surface water assumes that the radionuclide concentration at 
the downstream receptor of interest is equal to the liquid radionuclide concentration at the point of 
radionuclide release: 
C=Q/V. ..................................................................................................... (B-8) 
where C radionuclide concentration in a receiving surface water (Bq /M 3) 
Q radionuclide release rate at the point of release (Bq/s) 
V, flow rate of effluent discharge at the point of release (M3/s) 
ExamPle 3 Effluent discharge of Cs-137 (Screening level 1) 
Radionuclide Cs-137 
Amount released (Q) 2.96E+05 Bq/TJ 
Volumetric flow rate (V, ) 3.65E+05 In 
3/y 
Concentration: C= QN, 0.81 Bq y/m3 TJ 
Screening factor for the radionuclide (SF) 1.1 E-06 Sv m3/y Bq 
Screening value: SV =C SF 8.9E-07 Sv/Tj 
Annual risk: R=F SV 5AE-08 TT' 
(assumes that the probability per unit dose of detrimental health effect 'F' is 0.06 Sv-1) 
C-2.2 Surface water Screening Level 11 
In the Surface Water calculations for Screening Level 11, the water body that will receive the 
radioactive effluent must be selected, i. e. river or stream, estuary, coastal water or lake. An 
estuary is defined as a river with both an up- and down-stream flow that are affected by ocean 
tides. If the radionuclides are discharges to a sewage system, the water body which receives the 
sewage effluent is selected. 
River and estuary : 
The general approach for river and estuarine water bodies is first to determine the distance 
between the discharge point and the nearest location of potential water usage. This distance is 
used to calculate the level of mixing and dilution achieved. The various mixing zones described 
below are illustrated in Figure B-2. 
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a) If the distance is less than the distance assumed for uniform mixing in the vertical direction, no 
mixing or dilution effects are taken into account and the concentration in the receiving water is 
the same as in the release stream (Region I). 
b) If the distance is within the region for complete vertical mixing but only partial lateral mixing, 
partial mixing correction factors are found from tables and used to calculate the water 
concentration (Region 2 and 5). 
c) If the distance reaches the complete mixing zone, the concentration for river and estuary is 
defined as the radionuclide release rate divided by the river flow or average tidal flow 
respectively (Region 3,4 and 6). 
River 
Region FarShore 
z Release Poin t Flow 
Reizion I Restion Reizion 3 
vertically Laterally Completely 
Partially Partially Mued 
Mved Region Moed Region Region 
. a-- L. 7d -ow 
1,3 B'/d 
Estuary 
Realon Far Shore 
Freshwater Inflow Release Point Seaway 
Region ReRion 5 
Reizion I Reflion Restion 
Completely Laterally 
Vertically Completely Laterally 
Moed Partially 
Partially Partially Mood 
Upstream MoedUpstream 
Mccd Region Mocd Downstream Downstream 
Region Region L. - 7d L. - 7d 
Region Region 
1, -06E? ld L, - 0.6 eld 
Note: Ly - downstream d istance for lateral mixing 
Lý - downstream d istance for vertical mixing 
d -river depth 
B- river width 
Figure B-2 River and Estuary mixing regions (adapted from NCRP, 1996). 
271 
Appendix C Impact Assessment Calculations 
The river characteristics required in the calculations should preferably be measured locally, but 
methods are available to obtain default values of river flow, depth and velocity based on the known 
or assumed river width (See Figure B-5 and Figure B-6 in section B-3). 
The distances required to reach complete lateral or vertical mixing in rivers are found from 
expressions of longitudinal and lateral dispersion coefficients for rivers and are defined as (NCRP, 
1996) : 
Ly = 3B2 ..................................................................................................... 
(B-9) 
d 
L, = 7d................................................................................................... (B-10) 
where B River width (m) 
d River depth (m) 
Ly Lateral mixing distance (m) 
L. Vertical mixing distance (m) 
If the water use location has not been identified, the default distance is assigned to be L,, (Region 
2). The concentration in the region downstream of the distance Ly (Region 3) is a completely 
mixed concentration in both the lateral and vertical directions, and is given by the following 
equation: 
C,. i. (, ) = QN, ................................................................................................... 
(B- 11) 
where C. i,, (r) radionuclide concentration (Bq /M 
3) 
Q Radionuclide release rate (Bq/s) 
river flow (m'/s) 
In river region 2, the radionuclide is only partially mixed and a correction factor is multiplied with 
Cmix(, ) to find the radionuclide concentration : 
C=C P" ................................................................................................... (B-12) 
where 
Pr= 
I 
exp 
F15dxl 
KF1.5dx 
I 
....................................................................... (B- 13) 0.1427c 
5TJ OFT I 
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where P, partial mixing correction factor 
K,, ( ) modified Bessel function of the second kind of zero order 
The correction factor, P,, is derived from a steady, two-dimensional, advection-diffusion equation 
which is valid in a region where the radionuclide is completely mixed in the vertical direction but 
is not completely mixed in the lateral direction. The derivation of this equation may be found in 
NCRP (1996). Values of P, may be found from Figure B-7 in Section B-3 using the argument E 
below: 
E=1.5 xd................................................................................................... 
B2 
where x distance to water use location 
The above methodology gives reasonable but conservative estimates of radionuclide 
concentrations under various river conditions. The effects of radionuclide decay and sorption with 
downstream transport have been ignored. 
The model calculations for an estuary are based on the same principles as for a river, except that 
the completely mixed radionuclide concentration is dependent on the mean tidal velocity. This 
velocity is defined as follows: 
Ut = 0.32 (U, + Uf) ................................................................................................... (B-15) 
where U, mean tidal velocity (m/s) 
U, Maximum ebb velocity, i. e. tidal velocity flowing seaward over one tidal 
cycle (mls) 
Uf Maximum flood velocity, i. e. tidal velocity flowing landward over one tidal 
cycle (m/s) 
If either U, or Uf is not known, it is assumed that U. is equal to Uf. The completely mixed 
radionuclide concentration, C is defined as: 
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Cmix(e) "Q................................................................................................... (B-16) BdUt 
where Q Radionuclide release rate (Bq/s) 
B estuary width (m) 
d estuary depth (m) 
Ut mean tidal velocity (m/s) 
Estuaries are divided into six mixing regions with increasing level of mixing: the release point 
region, two regions each side of the release point and a region on the opposite bank from where the 
radionuclide release occurs (Figure B-2). The completely mixed concentration (equation B-16) is 
used if the distance from the release point to the location of potential water use is within region 3, 
4 or 6. The lateral mixing in an estuary tends to be several times larger than the corresponding 
lateral mixing in a non-tidal river, mainly due to large lateral flows caused by irregular channel 
geometry and cross section, tides, density stratification and wind. Hence the distance to complete 
mixing, Ly, is shorter for an estuary than for a non-tidal river: 
Ly = 0.6 
B2 
................................................................................................... (B- 17) d 
where B Estuary width (m) 
d Estuary depth (m) 
Ly Lateral mixing distance (m) 
In mixing regions 2 and 5, a partial correction factor must be applied to find the radionuclide 
concentration. Four steps are involved in determining this: 
1. Time scale ratio, M, is defined as 
M=0.3 
d Tp Ut 
................................................................................................... (B-18) B2 
where U, mean tidal velocity (m/s) 
Tp tidal period (s) Atlantic Ocean Tp = 45,000 s 
Pacific Ocean Tp = 90,000 s 
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2. The longitudinal dispersion coefficient ratio, N, is found from Figure B- 8 in Section B-3 
using the value of M (NCRP, 1996). 
3. The correction factor for partial mixing in estuaries is given as: 
1 1-5dx Ua a Pe exp 
]Ko[l 
........................................................ (B-19) 03: NB2 Ut 1 
where Pr partial mixing correction factor 
modified Bessel function of the second kind of zero order 
Values of P,, may be found from Figure B-9 in Section B-3 using the argument E below : 
E= 13 xdUa ................................................................................................... 
(B-20) 
N B2Ut 
where 
Ua ` 
Vr 
................................................................................................... (B-2 1) Bd 
where U. Freshwater flow velocity (m/s) 
V, river flow (m'/s) 
The radionuclide concentration in the partially mixed zone is given by: 
Cý CMIX(e) Pe 
................................................................................................... 
(B-22) 
Coastal Water: 
In the case of coastal water, the distance to a potential fishing site is identified. This distance is 
used to find a spatially varying dispersion factor (FsVD) which is used to calculate the coastal water 
concentration. If the distance is not known, the distance from the radionuclide discharge point to 
the nearest fishing site is assigned to be seven times the water depth. At this distance the 
radionuclide is assumed to be uniformly mixed in the vertical direction (NCRP, 1996) 
The spatially varying dispersion factor FsVD (S/m 
2) is given as (NCRP, 1996): 
FsVD = 650/x 
1.17 
................................................................................................... (B-23) 
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The radionuclide concentration at the potential fishing site is: 
C=Q FsvD/d ................................................................................................... (B-24) 
Example 4 Effluent discharge of Cs-137 to a river (Screening level 11) 
The followina information is known for the system: 
River depth (d) 3m 
River width (B) 3M 
Amount released (Q) 2.96E+05 Bq/TJ 
The followin2 data is found from tables or calculations: 
Assume distance between release point and point of 
potential exposure (x = 7d) 21 M 
Index E=1.5 Xd 10.5 
Eý2 
Partial mixing correction factor found from tables 
using index E (Pr) 3 
River flow found from tables 
using river width (V, ) 600 M3/S 
1.9E+07 M3/y 
The completely mixed radionuclide concentration may be calculated as 
Cmix(r) -2- and the concentration in the river is given by C=C., i,, (, ) Pr Vr 
River concentration (C) 4.7E-05 Bq y/TJ M3 
Screenina factor for the radionuclide (SF) LIE-06 Sv m3/Bq y 
Screening value: SV =C SF 5.2E- II Sv/TJ 
Annual risk: R=F SV ME-12 TJ" 
(assumes that the probability per unit dose of detrimental health effect 'F' is 0.06 Sv-1) 
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Example 5 Effluent discharge of Cs-137 to sea (Screening level 11) 
The following information is known for the system: 
Sea depth (d) 20 m 
Amount reIeased (Q) 2.96E+05 Bq/TJ 
The following data is found from tables or calculations: 
Assume distance between release point and point of 
potential exposure (x = 7d) 140 m 
Spatially varying dispersion factor is found using the following relationship 
FsvD = 650/x1- 17 2 S/M2 
6.3E-08 Y/M2 
The radionuclide concentration at a potential fishing site is 
C=Q FsVD/d 
River concentration (C) 9.3E-04 Bq y/TJ M3 
Screening factor for the radionuclide (SF) 8.7E-07 Sv m3/Bq y 
Screening value: SV =C SF 8. IE-10 Sv/TJ 
Annual risk: R=F SV 4.9E- II TP 
(assumes that the probability per unit dose of detrimental health effect 'F' is 0.06 Sv-1) 
I %I. 
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C-3. Graphs reproduced from the NCRP report (1996) 
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Figure B-3 Value of the Gaussian plume model diffusion factor, P, as a function of 
downwind distance for various heights of effluent release, H (m) (Source: NCRP, 1996). Zý 
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Figure B-4 Value of the Gaussian plume model diffusion factor modified for building tý 
wake effects, B, as a function of downwind distance for various values of the cross-sectional 
area of the building, A, (m 2) (Source: NCRP, 1996) el 
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Fi, gure B-5 River width versus flow (Source: NCRP, 1996). 
279 
Appendix C Impact Assessment Calculations 
100 
to 
'0 
G CL 
I 
10 100 1000 10000 100000 
Discharge, 0 (m3 s-1) 
0.1 
Figure B-6 River depth versus flow (Source: NCRP, 1996). 
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Figure B-7 River partial mixing correction factor, P, (Source: NCRP, 1996). t) tý 
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Figure B- 8 Longitudinal dispersion coefficient ratio, N versus M (Source: NCRP, 1996). 
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Figure 13-9 Estuary partial mixing correction factor, P, (Source: NCRP, 1996). t. b, 
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Appendix D 
Characterisation factors 
D-1. Human Irradiation-Direct discharges 
Air 
SV M3/Bq y 
Freshwater 
Sv m3/Bq y 
Marine 
SV M3/Bq y 
Air 
SV M3/Bq y 
Freshwater 
Sv m3/Bq y 
Marine 
SV M31Bq y 
Ac-225 2.50E-02 4.90E-08 8.80E-09 Po-210 1.60E-0 I 9.20E-07 4.20E-05 
Ac-227 LOOE+01 6.80E-06 4.20E-06 Pu-238 8.90E-01 1.50E-06 5.30E-07 
Ag-108m 3.60E-01 1.30E-06 3.20E-06 Pu-239 I. OOE+00 1.70E-06 5.80E-07 
Am-241 LOOE+00 2. OOE-06 1.20E-05 Pu-240 I. OOE+00 1.70E-06 5.90E-07 
Be-10 2.60E-03 8.40E-09 LOOE-08 Pu-241 2. OOE-02 3.80E-08 2.00E-08 
Bi-210m 1.20E-01 3.30E-07 7.60E-07 Pu-242 9.50E-01 1.60E-06 5.60E-07 
C-14 2.60E-04 5.60E-07 1.40E-07 Ra-223 5.60E-02 2.20E-07 LIOE-07 
Ca4l 2.40E-03 LOOE-08 4.90E-1 I Ra-225 4.70E-02 1.40E-07 7.30E-08 
Cd-113m 8.30E-02 2.70E-07 5.90E-05 Ra-226 8.30E-01 4.70E-06 8.90E-06 
Ce-144 5.20E-03 3.70E-08 4.70E-08 Ra-228 4.20E-01 3.90E-06 7.80E-06 
CI-36 6.50E-01 1.30E-06 2.5013-11 Rb-87 1.60E-02 8.50E-08 5.20E-10 
Cm-244 5.40E-01 9. OOE-07 7.20E-07 Re-187 1.80E-05 I. IOE-09 3.90E. 12 
Co-60 1.70E-01 6.1 OE-07 1.30E-05 Ru-106 9.60E-03 2.20E-08 1.90E-07 
Cs-134 1.30E-01 1.1 OE-06 3.90E-07 Sb-125 1.60E-02 LOOE-08 3.60E-08 
Cs-135 2. OOE-02 1.20E-07 2.50E-09 Se-79 1.70E-02 4. IOE-08 1.40E-07 
Cs-137 2.20E-01 1.1 OE-06 8.70E-07 Si, 32 6.80E-02 1.30E-07 1.1 OE-09 
Eu-152 1.40E-01 5.00E-07 1.20E-05 Sm-151 1.60E-04 4.50E-10 1.70E-09 
Eu-154 1.20E-01 4.20E-07 LOOE-05 Sn-126 5.20E-01 6.8OE-07 6.90E-07 
Fe-55 2.80E-04 I. SOE-09 2.40E-08 Sr-90 1.90E-01 4.30E-07 3.70E-09 
H-3 1.90E-06 1.40E- II 5.20E-13 Tc-99 3.40E-02 6.90E-08 6.80E-09 
1-129 5.60E-01 1.40E-06 1.50E-07 Te-125m 6.90E-04 6.90E-09 7.20E-08 
K40 9.40E-02 LIOE-06 7.80E-07 Th-227 6.40E-02 8.40E-08 LOOE-06 
Kr-85 2.80E-09 5.10E-13 5.10E-13 Th-228 8. OOE-01 5.70E-07 1.40E-05 
Mn-54 9.70E-03 3.40E-07 8.1 OE-07 Th-229 3.40E+00 3.80E-06 LOOE-04 
Mo-93 2.1 OE-03 2.20E-09 LIOE-08 Th-230 4.90E-0 I 3.70E. 05 1.60E-05 
Nb-94 3.80E-01 1.40E-06 3.30E-05 Th-232 2.60E+00 8.90E-06 9.40E-05 
Nb-95 1.20E-03 7. OOE-09 8.80E-08 Th-234 1.80E-03 1,30E-08 4.90E-07 
Ni-59 6.80E-04 1.70E-09 9.20E-09 U-232 1.90E+00 2.40E-06 4.70E-06 
Ni-63 1.60E-03 3.70E-09 2.1 OE-09 U-233 3.20E-01 8.50E-08 9.30E-09 
Np-237 1.30E+00 2.40E-06 7. OOE-06 U-234 3.10E-01 8.10E-08 5. OOE. 09 
P-32 7.30E-03 8.20E-07 6.40E-07 U-235 3.40E-01 3.90E-07 7.40E-07 
Pa-231 3. OOE+00 5.1 OE-06 3. OOE-05 U-236 3. OOE-01 7.70E-09 4.70E-09 
Pa-233 6.70E-04 2.90E-09 1.50E-08 U-238 2.90E-01 LBOE-07 2.50E-07 
Pb-210 7.1 OE-0 I 6.80E-06 5.60E-06 Zr-93 7.40E-04 3. OOE-09 1,30E-08 
Pd-107 1.30E-04 2.50E-10 1.20E-09 Zr-95 4.1 OE-03 7.40E-08 3.1 OE-07 
Pm-147 3.20E-04 LOOE-09 4.60E-09 Source: NCRP, 1996 
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D-2. Environmental Irradiation 
Naturally 
occurring 
radionuclides 
Surface water 
m3IBq y 
Soil 
kg/Bq y 
Anthropogenic 
radionuclides 
Surface water 
M3 IBq y 
Soil 
kg/Bq y 
Ac-227 1.6013+02 2.67E-02 Ac-225 6.42E+01 4.75E+00 
Be-10 1.3913+01 2.77E-04 Am-241 5.04E+00 4.2013-03 
Bi-210 1.65E+01 6.97E-0 I Ca4l 4.50E+01 I. SSE-01 
Bi-210m 7.70E-08 3.25E-09 Cd-113m 3.54E+00 
C-14 1.21E-04 1.21E-04 Cs-135 5.78E-01 1.78E-03 
H-3 1.5713-06 1.57E+01 1-129 9.48E-04 3.40E-03 
K40 I. I OE-1 I 6.11E-10 Mo-93 2.17E+06 7.15E+03 
P-32 7.4 1 E+00 1.48E+03 Nb-94 3.47E+04 1.12E+02 
Pa-231 1.0713-01 1.78E-05 Ni-59 2.1713+01 7.22E-02 
Pb-210 1.1 OE-02 4.65E-04 Ni-63 1.88E+05 6.28E+02 
Po-210 6. OBE-01 2.57E-02 Np-237 LOIE-02 3.37E-05 
Ra-223 1.12E+05 1.8613+01 Pa-233 2.93E+05 9.76E+02 
Ra-224 6.9313+00 9.90E+00 Pd-107 1.55E-01 5.2 1 E-04 
Ra-226 4.33E-04 9.83E-06 Pu-238 5.3712+01 1.79E-01 
Ra-228 1.03E-02 1.48E-02 Pu-239 7.1 OE-03 2.37E-05 
Rb-87 3.2813-11 8.19E-13 Pu-240 1.32E-0 I 2.63E-03 
Si-32 3.55E+00 3.1 4E+O I Pu-241 1.0913+00 1.3 1 E-0 I 
Th-227 6.9313+04 1.1613+0 1 Pu-242 1,52E-01 3.39E-03 
Th-228 3.63E-02 5.1 SE-02 Ra-225 4.33E+01 3.21 E+00 
Th-230 3.47E-05 1.9713-07 Sb-125 2.57E-01 1.28E+00 
Th-231 2.5713+03 1.93E+02 Se-79 5.08E+00 1.67E-02 
Th-232 9.83 E- II 7.02E-12 Sn-126 2.1 OE+00 7.07E-03 
Th-234 5.25E+00 4.04E-01 Sr-90 8.22E-03 4.93E. 02 
U-234 1.4013-06 1.08E-07 Tc-99 1.63E+00 4.95E-03 
U-235 1.08E-08 8.1413-10 Te-125m 4.33E+00 2,17E+01 
U-238 7.68E- 11 5.91 E- 12 Th-229 2.3613-04 1.75E-05 
U-232 2.4 1 E-02 2. OSE-03 
U-233 2.52E-06 1.94E-07 
U-236 1.71 E-08 1.21 E-09 
Zr-93 4.62E-02 1.49E-04 
Source: Amiro 1993a 
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D-3. Human Irradiation - LLW disposed at Drigg 
Normal Evolution' Intrusion (Well)3 50 year Intrusion (wcll)3 300 years 
Max. annual Time after Max. annual Max. annual 
risk2 (y*1 Bq") disposal (yrs) risk (y"' Bq"') risk (y*' Bq*') 
H-3 3.36E-22 50 1.82E-22 2.54E-29 
C-14 5.04E-19 86 1.63E-22 1.4412-22 
CI-36 1.1013-19 77 5.76E-22 4.80E-22 
I 
Fe-55 
I 
Sr-90 
Tc-99 
Ru-106 
Agm-108 
Sn-126 
1-129 
Cs-134 
Pb-210 
Po-210 
Ra-226 
Th-232 
U-235 
U-236 
U-238 
Np-237 
Pu-238 
I 
1.20E-21 
3.36E-25 
6.62E-20 
3.89E-26 
1.54E-21 
2.05E-19 
3.12E-20 
2.28E-18 
5.88E-18 
1.68E. 18 
2.59E-22 
2.50E-25 
6.10E-19 
5.57E-20 
3.98E-19 
1.25E-18 
6.48E-21 
1.17E-19 
2.98E-19 
1.39E-22 
4.94E-20 
3.46E-21 
1.94E-24 
1.81E-19 
6.29E-23 
2000 
770 
2800 
440 
1800 
44000 
77 
55 
1800 
77 
220000 
22000 
140000 
110000 
140000 
140000 
140000 
190000 
44000 
140000 
44000 
31000 
49000 
49000 
49000 
4.03E-23 
1.0 1 E-23 
3.3 1 E-22 
3.74E-20 
6.24E-23 
2.40E-22 
2.54E-22 
4.37E-22 
6.72E-22 
4.66E-20 
1.20E-21 
2.69E-21 
9.12E-24 
8.64E-23 
LISE-19 
1.34E-20 
1.97E-22 
2.69E-21 
1.30E-20 
1.82E-22 
3.60E-22 
1.30E-19 
1.49E-20 
1.34E-19 
2.54E-20 
7.20E-22 
2.40E-20 
3.3 1 E-23 
LOIE-23 
3.17E-22 
3.3 1 E-23 
5.76E-23 
2.40E-22 
2.11 E-22 
1.06E-22 
6.72E-22 
3.89E-20 
LOIE-21 
7.20E-24 
1.30E-24 
1.49E-19 
5.28E-20 
1.34E-20 
1.97E-22 
2.69E-21 
1.30E-20 
1.82E-22 
3.60E-22 
LIOE-19 
1.63E-20 
2.40E-20 
2.40E-20 
4.80E-22 
1.39E-21 
'Main pathway - seepage to G6 aquifer 0 2 Includes nominal probability coefficient for stochastic effects: 610 *2 SV-1 3 Abstraction from trenches 
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D-4. Human Irradiation - disposal of mill tailings 
Normal Evolution' 
Max. annual 
risO (y" Bq-1) 
H-3 1.86E-14 
C-14 1.02E-12 
CI-36 4.26E-12 
Fe-55 5.94E-17 
Co-60 3.96E-13 
Ni-59 1.14E-15 
Ni-63 2.46E-15 
Se-79 4.32E-14 
Sr-90 2.16E-12 
Zr-93 1.56E-15 
Nb-94 1.02E-12 
Tc-99 7.80E-13 
Ru-106 3.9013-15 
Agm-108 9.6013-13 
Sn-126 1.80E-12 
1-129 1.20E- II 
Cs-134 6. OOE-14 
Cs-135 1.02E-13 
Cs-137 8.4013-13 
Sm-151 1.80E-16 
Eu-152 3.96E-13 
Pb-210 1.26E-12 
Po-210 1.98E-15 
Ra-226 4.80E-12 
Th-232 5.9413-12 
U-233 9. OOE-13 
U-234 3.48E-13 
U-235 1.2013-12 
U-236 2.82E- 13 
U-238 1.02E-1 I 
Np-237 1.80E-1 I 
Pu-238 4.74E-13 
Pu-239 5.70E-13 
Pu-240 5.64E- 13 
Pu-241 1.74E-14 
Pu-242 5.40E-13 
Am-241 5.0413-13 
Source: NC", 1996 
1 Total of all exposure pathways 2 Includes nominal probability coefficient for stochastic effects: 6 10*2 SO 
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D-5. Human Irradiation - ILW disposal in Clay and Rock Salt 
Disposal in Clay 
I Normal Evolution 
Risk (Bq") Peak Time (y) 
C-14 
Ni-59 
Se-79 
Sr-90 
Zr-93 
Tc-99 1.35E-28 1.70E+06 
Pd-107 8.8813-33 1.3013+07 
Sn-126 2.68E-35 3.8013+06 
1-129 1.19E-21 6.50E+05 
Cs-135 1.86E-25 8.9013+06 
U-233 
U-234 
U-235 
U-236 
Pu-239 
Pu-240 
Pu-241 
I 
2.52E-16 
1.75E-18 
1.76E-19 
2.47E-16 
1.22E-18 
8.66E-23 
9.77E-24 
5.13E-23 
2.4 1 E-24 
2.56E-22 
1.62E-25 
I. OOE+08 
2. OOE+07 
I. OOE+08 
LOOE+08 
I. OOE+08 
2. OOE+07 
I. OOE+08 
I. OOE+08 
I. OOE+08 
I. OOE+08 
1.90E+07 
Intrusion (well) 100 yrs Intrusion (well) 300 yrs 
Risk (Bq") Risk (Bq*') 
2.39E-27 2.35E-27 
3.29E-28 3.29E-28 
9.94E-27 9.87E-27 
2.2SE-26 1.96E-28 
2.8413-26 2.84E-26 
2.01E-27 2.01E-27 
1.22E-27 1.22E-27 
2.80E-23 2.8013-23 
3.1 OE-25 3.1013-25 
7. OOE-27 7.0013-27 
7.95E-25 7.8313-27 
6.57E-27 9.4713-34 
2.48E-23 2.2813-23 
1.7413-22 1.71 E-22 
2.6613-23 2.66E-23 
1.36E-22 1.36E-22 
1.19E-22 1.19E-22 
8.54E-25 8.5413-25 
8.49E-25 8.49E-25 
2.99E-24 2.9913-24 
8.11 E-25 8.11 E-25 
2.5513-23 2.55E-23 
4.62E-23 4.62E-23 
I. 50E-23 3.11 E-24 
3.63E-23 3.59E-23 
3.61 E-23 3.53E-23 
5.9813-27 3.94E-31 
3.62E-23 3.62E-23 
1.14E-22 8.26E-23 
Disposal In Rock Salt 
Normal Evolution 
Risk (Bq"') Peak Time (y) 
7.68E-21 1.50E+07 
5.30E-14 I. SOE+07 
3.59E-19 1.50E+07 
6.08E-22 1.50E+07 
2.61 E-21 I. SOE+07 
1,90E-21 I. SOE+07 
1.68E-21 I. SOE+07 
5.79E-22 I. SOE+07 
Am-243 1.30E-23 1.28E-23 
Cm-244 4.77E-25 2.25E-28 
Cm-245 4.22E-23 4.16E. 23 
Cm-246 3.99E-23 3.87E-23 
Source: (Titley et al. 1996) & (Mobbs et al., 1988) 
Includes nominal probability coefficient for stochastic effects: 6 10'2 (fatal cancer & hereditary effects) 
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D-6. Human Irradiation - HLW disposal in Clay and Rock Salt 
Rb-87 
Sn-126 
1-129 
Cs-135 
Cs-137 
Disposal in C12y 
Normal Evolution Intrusion 100 yrs 
Risk (Bq") Pe2k'rime (Y) Risk (Bq") 
8.87E-31 
5.29E-32 
1.57E-25 1.10E+06 1.04E-30 
2,94E-25 7.50E+06 4.4 1 E-32 
2.43E-28 
1.62E-23 7. OOE+06 I 3.04E-30 
8.67E-29 
Disposal in Rock Salt 
Normal Evolution 
Risk (Bq") Peak Time (y) 
1.59E-23 1.50E+07 
1.05E-27 1.50E+07 
2.05E45 I. SOE+07 
4.22E-26 1.50E+07 
4.22E-22 1.50E+07 
1.56E-25 I. SOE+07 
1.1 7E-22 I. SOE+07 
Th-229 1.60E-19 I. IOE+07 
Th-230 6.04E-28 
Th-232 4.83E-18 9.60E+07 7.61E-17 1.50E+07 
Pa-231 I 1.63E-26 
U-233 7.81E-19 1.1 OE+07 3.31E. 18 1.50E+07 
U-234 1.72E-29 5.16E-22 1.50E+07 
U-235 3.29E-22 9.60E+07 2.53E-29 1.40E-21 1.50E+07 
U-236 2.48E-23 5.20E+07 1.48E-30 6.08E-22 1.50E+07 
U-238 1.49E-30 1.63E-22 1.50E+07 
Np-237 3.75E-23 I. IOE+07 1.44E-27 4.83E-23 1.50E+07 
Pu-238 3. OOE-28 
Pu-239 9.87E-28 
Pu-240 8.15E-28 
Pu-241 3.53E-29 
Pu-242 5.72E-28 5.49E-33 1.50E+07 
Pu-244 6.96E-21 1.50E+07 
Am-241 4.75E-27 
Am-243 7.25E-28 
Cm-244 5.70E. 30 
Cm-245 LOIE-28 
Cm-247 2.02E-21 I. SOE+07 
Source: (Titley et al. 1996) & (Mobbs et al., 1988) 
10-2 Includes nominal probability coefficient for stochastic effects: 6 (fatal cancer & hereditary effects) 
Intrusion scenario from disposal in Granite option 
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D-7. Human Irradiation - Spent fuel disposal in Granite 
Disposal in Granite 
Normal Evolution 
Risk (Bq") Peak Time (y) 
Intrusion 100 yrs 
Risk (Bq") 
H-3 9.60E-34 
C-14 6.62E-32 1.70E+05 8.2613-30 
CI-36 4.55E-22 4.5013+05 1.4312-29 
Co-60 2,02E-32 
Sc-79 1.79E-26 9.1 OE+05 3.50E-29 
Zr-93 1.32E-27 1.30E+07 3.2 1 E-29 
Tc-99 1.83E-20 3.7013+05 5.94E-30 
Pd-107 7.96E-26 1.59E-29 
So-126 1.13E-29 6. OOE+06 8.36E-27 
1-129 1.3E-19 2.40E+06 9.9213-29 
Cs-135 3.3E-22 1.20E+05 2.55E-29 
Cs-137 3.8013+06 LOOE-26 
Th-230 2.91E-28 
Tb-232 6.35E-22 1.81E-25 
Pa-231 7.2013+07 7.2213-25 
U-234 3.64E-24 1.12E-26 
U-235 4.4613-20 2.70E+06 1.25E-26 
U-236 i 13E-21 2.90E+06 1.07E-26 
U-238 3.14E-21 2.90E+06 1.02E-26 
Np-237 4.4E-21 2.9013+06 5.55E-26 
Pu-238 4.1 OE+06 3.27E-27 
Pu-239 1.53E-24 2.82E-24 
Pu-240 4.0513-25 3.2013+06 1.94E-24 
Pu-241 2.8013+06 8.3813-27 
Pu-242 2AE-25 4.65E-26 
Am-241 3.70E+06 1.29E-24 
Am-243 5.3713-25 5.16E-26 
Cm-244 2.90E+06 7.05E-30 
Cm-245 5.6313-26 
ýiource: Mobbs et al., 1991 
10-2 Includes nominal probability coefficient for stochastic effects: 6 (fatal cancer & hereditary effects) 
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Case studies - assumptions and calculations 
E-1. Scoping study 
Opencast uranium mining -I kg Uranium (Source: ETH & PSI, 1994) 
jnputs Output$ 
1.60E-05 TJ diesel in construction equipment 1.1 OE-0 I kt Mg++ (water) 
2.80E-05 TJ diesel in diesel-electric generation set 3.10E+02 kBq U (water) 
1.20E-03 kg aluminiurn 0% recycling 3.90E+00 kg unsolved substances (water) 
9. OOE-04 kg concrete (without reinforcement steel) 3.1 OE-03 kg Al (water) 
4.30E-04 kg Chromium 1.20E-02 kg NH3 (water) 
8.50E-03 kg castiron 9.30E-OS kg As (water) 
2.50E-03 kg copper 1.90E-03 kg Ba (water) 
9.70E-04 kt manganese 9.30E-05 kg Cd (water) 
2.60E-0 I kg explosive 8.60E-0 I kg Cl- (water) 
2.1 OE-0 I kg steel, low-alloy 3.40E-02 kg Fe++ (water) 
2.80E+00 m. 3 excavation, hydraulic digger 1.80E-02 kg Pb (water) 
8.80E+00 tkni transport, truck, 40t 6.90E-02 kg Mn (water) 
I. OOE+O I m2yr space 11-111 1.60E-03 kg Mo (water) 
4. OOE+00 m2yr space IWV 2.1 OE-03 kg N03- (water) 
1.05E+00 k cap U 
9.10E+01 kg S04- (water) 
6. OOE+03 kg H20 8.30E-03 kg V (water) 
I 1,20E-03 kg Zn (water) 
OutmtI. 
- _ 
1.90E-04 kg Se (water) 
` i6E+05 r kBq Rn-222 (air) 7 5.1 OE+02 kBq Th-230 (water) 
,,. 60E-02 kS particles (air) 2.2013+04 kBq Ra-226 (water) 
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Uranium processing -I kg Uranium concentrate (Source: ETH & PSI, 1994) 
1.70E-04 TJ diesel in diesel-electric generation set 3. OOE+00 kBq Th-230 (air) 
3.30E-04 TJ natural gas in industrial furnace, LOOE-02 kg Mg++ (water) 
>I OOkW Euro 
9. OOE-01 ka ammonia 3.60E+O I kBq U (water) 
2.10E+00 kv concrete (without reinforcement steel) 3.5012-01 kg A] (water) 
6.80E+00 kg chemicals inorganic 7.20E-02 kg NH3 (water) 
4.1 OE-0 I kg chemicals organic 1.5012-04 kg As (water) 
2.20E-03 kg wood construction material, board 3. OOE-05 kg Ba (water) 
6.40E-03 kg copper 7. OOE-02 kg Cl- (water) 
2.20E-03 kg polyethylene (high density) 9.60E-04 kg Cr3+ (water) 
3.50E+01 kg sulphuric acid (H2SO4) 2.0013-04 kg Cu++ (water) 
5. OOE-02 kg steel, high-alloy 8.80E-07 kg CN. (water) 
1.70E-01 kg steel, low-alloy 6.60E-04 kg F- (water) 
2.1 OE-0 I kg steel, plain 3.50E-03 kg CxHy (water) 
1.05E+00 kg- uranium from mine LOOE-01 kg Fe++ (water) 
4.90E+00 tkm transpor4 truck, 28t 1.50E-03 kg Pb (water) 
I. OOE+00 tkrn transport, truck, 40t 1.50E-02 kg Mn (water) 
4.60E-02 tkrn transport, rail 1.40E-03 kg Mo (water) 
3. OOE+03 m2yr space II-111 2.40E-04 kg Ni (water) 
LOOE+00 m2yr space IWV 8.70E-03 kg N03- (water) 
LOOE+03 kg H20 5.0013+00 kg S04- (water) 
1.20E-03 kg Ti (water) 
Outputs 1.80E-05 kg V (water) 
5.40E+07 kBq Rn-222 (air) 5.20E-04 kg Zn (water) 
6. OOE+00 kBq U (air) 6.6013-04 kg Ca- (water) 
8. SOE-04 kg aldehyde (air) 1.4012-05 kg Be (water) 
1.70E-03 kg NH3 (air) 1.60E-03 kg Se (water) 
1.70E-02 kg NOx (air) 4. OOE-02 kg Na+ (water) 
2.30E-04 kg SOx (air) 8.80E-07 kg A& (water) 
2.20E-0 I kg particles (air) 4.40E. OS kg S- (water) 
1,1 OE-0 I kg NMVOC (air) 1.40E+03 kBq Th-230 (water) 
I 3. OOE+00 kBq Ra-226 (air) 160E+00 kBq Ra-226 (water) 
290 
AppendLv E Case studies - assumptions and calculations 
Fuel manufacturing -I kg uranium hexafluoride (Source: ETH & PSI, 1994) 
-Amtý_ __ -1-991PRts 3.7013-05 TJ electricity medium voltage, supplied in - 2.20E-04 KBq Th-230 (air) 
UCPTE 
7. OOE-04 Tj natural gas in industrial furnace, > 100 i 2.70E-01 KBq Th-234 (air) 
kW Euro 
1.80E-04 kg aluminium 0% recycling 2.70E-01 KBq Pa-234 (air) 
2.50E-01 kg ammonia 1 3.7013-05 TJ heat waste to air 
4.5013-02 kg concrete (without reinforcement steel) 3.50E-04 kg Mg++ (water) 
5.20E-02 kg chemicals inorganic 11.11012+01 KBq U (water) 
3. OOE-02 kg chemicals organic 3. SOE-03 kg unsolved substances (water) 
5.90E-0 I kg hydrogenfluoride HIF 6.90E-05 kg Al (water) 
5. OOE-01 kg burnt lime, CaO 1.70E-04 kg NH3 (water) 
5.5013-04 kg copper 2.20E-05 kg Ba (water) 
9. OOE-01 kg nitric acid (HN03) 3.50E-04 kg BOD5 (water) 
1.90E-02 kg steel, high-alloy 1.70E-06 kg Cd (water) 
3.20E-04 kg steel, low-alloy 1.70E-03 kg COD (water) 
5. OOE+02 kg water, decarbonized 8.70E-03 kg Cl- (water) 
8.1 OE-0 I kg cement 1.00E-05 kg Cr3+ (water) 
11.00E+00 kg uranium, natural, in uranium concentrate 1.60E-05 kg Cu++ (water) 
8.60E+00 tkm transport, freighter, transoccanic 2.70E-04 kg F. (water) 
1.37E+00 tkm transport, truck, 28t 1.70E-04 kg Fe++ (water) 
2.30E+00 tkm transport, truck, 40t 1.70E-06 kg Pb (water) 
5.50E-01 tkrn transport, rail 2.20E-04 kg Mn (water) 
4.70E-02 m2yr space 11-III 1.70E-07 kg HI (water) 
4.30E-02 m2yr space 11-1v 6.1 OE-04 kg N03- (water) 
5.2013-05 kg P04- (water) 
_2_U! 
j? Uts 2.80E-03 kg S04- (water) 
6.1 OE-04 m3 low active wastes i 6.90E-06 kg Sri (water) 
3.0012-02 kg waste to sanitary landfill 1.70E. 06 k& Ti (water) 
6.90E-04 kg CO (air) 6.90E-06 kg Zn (water) 
2.7013-04 kg HF (air) 1.70E-04 kg K+ (water) 
2.50E-02 kg NOx (air) 8.30E-03 kg Ca- (water) 
5.50E-03 kg SOx (air) 6.10E-03 kg Na+ (water) 
7.30E-04 kg particles (air) 1.70E-04 kg TOC (water) 
1.90E-02 kg NMVOC (air) 1.70E-05 kg S. (water) 
2.50E-01 KBq U-234 (air) 1.20E-03 KBq 'n-230 (water) 
1.30E-02 KBq U-235 (air) 1.40E-03 KBq Ra-226 (water) 
2.70E-0 I KBq U-238 (air) 5. OOE+00 KBq Th. 234 (water) 
3.70E-05 KBq Ra-226 (air) 5. OOE+00 KBq Pa-234 (water) 
Enrichment (3.5% by centrifuge) -I kg enriched uranium (Source: ETH & PSI, 1994) 
Inputs outputs 
2.70E-04 TJ electricity high voltage; supplied in 1.30E-03 kg ethanol (air) 
UCPTE 
2, SOE-04 TJ fuel oil, low S. boiler I MW 5.8012-05 k8 HIF (air) 
2.50E-01 kg aluminium 0% recycling LSOE-01 kBq U-234 (air) 
3.40E+00 kg concrete (without reinforcement steel) 6.50E-03 kBq U-235 (air) 
3.1 OE-02 kg chemicals inorganic 2.70E-02 kBq U-238 (air) 
3.20E-02 kg chemicals organic 2.70E. 04 TJ heat waste to air 
1.90E-02 kg copper LIOE-03 k& All (water) 
8.70E-04 kg poly vinyl chloride, shock-resistant 3.80E-06 kg Cr3+ (water) 
9.70E-01 kg steel, high-alloy LIOE-04 kg F- (water) 
3.40E-01 kg steel, low-alloy 2.5013-05 kg CxHy (water) 
2.10E-03 kg steel, plain 2.50E-03 kg N03- (water) 
7.20E-04 kg zinc for plating 3.40E-04 kg P04- (water) 
5.5013-06 t refinery fuel oil from refincry Euro 3.80E-05 kg Zn (water) 
1.66E+00 kg uranium, natural. in uranium hexafluoridc 9.80E-03 kBq U-234 (water) 
9.60E-01 tk m transport. truck, 28t 9.20E-03 kBq U-238 (water) 
7.60E-0 I tkm transport, truck, 40t 4.30E-04 kBq U-235 (water) 
4.10E-Olt kin transport, rail 
1.30E-03 m3 low active wastes 
1.44E+00 kg waste to sanitary landfill 
2.50E-01 m2yr space 11-111 
1.80E-01 m2yr space IWV 
[ LIOE+02 kg H20 
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Power production -I TJ electricity, PWR, UCPTE (Source: ETH & PSI, 1994) 
I pi? 'Lt_S _ F 2.30E-03 TJ electricity med. voltage; supplied in 2.90E-04 t bitumen, from refinery UCR E 
UCPTE 
3.60E-04 TJ diesel in construction equipment 8.50E-04 t refinery fuel oil from refinery Euro 
2.40E-01 kg aluminiurn 0% recycling 9.30E-01 kg spent fuel in reprocessing 
9.70E+00 kg argon from air decomposition 9.30E-01 kg uranium 3,50% in fuel elem. for PWR 
4.66E+02 kg concrete (without reinforcement steel) 4.94E+01 tkm transport, truck. 28t 
6.90E-01 kg chemicals inorganic 6.32E+01 tkm transport. rail 
2.40E-01 kg chemicals organic 9.30E+00 m2 yr space 11-111 
1.20E-02 kg ethene 1.02E+01 m2 yr space 11-1v 
1.60E+00 kg floatglass, uncoated 1.60E+06 kg H20 
4.1 OE+00 kg wood construction material, board 
1.80E+00 kg copper Outputs 
1.28E+00 kg paper 5.95E-04 m3 rad. waste interim storage (final rep. B) 
6.30E+00 kg oxygen from air decomposition 1.50E-05 m. 3 rad. waste interim storage conditioning 
2.72E+01 kg steel, high-alloy 9.60E-03 m3 radioactive waste in final repository B 
6.90E+00 kg steel, low-alloy 3.75E+02 kg waste to sanitary landfill 
4.20E+01 kg steel, plain 9.30E-01 kg wastes to industrial incineration 
2.3 1 E+O I kDo nitrogen from air decomposition 7.90E-01 kg separator sludge to ind. incineration 
7.40E+05 kg water, decarbonized 6.80E+03 kBq Radioactive noble gas (air) 
3.90E+00 kg hydrogen H2 4.70E+00 kBq radio active aerosols (air) 
6.66E+00 kg cement 2.20E+00 TJ heat waste to air 
lJOE-01 m3 excavation, hydraulic digger I 6.20E+05 kBq H3 p (water) 
Spent fuel reprocessing -I kg spent fuel (Source: ETH & PSI, 1994) 
Inputs i Outputs 
9.40E-04 TJ electricity med. voltage; supplied in 4. OOE-04 kg particles (air) 
UCPTE 
3. OOE-05 TJ diesel in construction equipment 5.00E-02 kg NMVOC (air) 
2.70E-03 TJ natural gas in ind. furnace, >I OOkW Euro 3.60E+02 KBq C-14 (air) 
3.70E-03 kg aluminium 0% recycling 6.30E-02 KBq Am-241 (air) 
3.60E+01 kg concrete (without reinforcement steel) 1.30E+00 KBq Cc-144 (air) 
1.1 OE-03 kg lead 6.40E-06 KBq Co-60 (air) 
3.6013-01 kg floatglass, uncoated 8.80E+00 VJ3q Cs-137 (air) 
8.20E-02 kg wood construction material, board 4.30E+00 KBq Cs-134 (air) 
2.20E-03 kg cardboard (packaging) 1.80E+04 KBq H-3 (air) 
LOOE-02 kg copper 2.1 OE+O I KBq 1.129 (air) 
1.50E+00 kg steel, high-alloy 1.60E-05 KBq Np-237 (air) 
8.30E-01 kg steel, low-alloy 1.60E+00 KBq Pm- 147 (air) 
1.50E+00 kg steel, plain 5.60E+00 KDq Pu-241 (air) 
1.50E+03 kS water, decarbonized 2. OOE+02 KBq Ru- 106 (air) 
3.70E+00 k& cement 6.30E+00 KBq Sr-90 (air) 
1.80E-03 kg zinc for plating I S. I OE-04 KBq Tc-99 (air) 
8.30E-03 m3 excavation, hydraulic digger 1.30E+01 KBq Cm (water) 
3.80E-04 t bitumen, from refinery UCPTE 2.80E+02 KBq Mn-55 (water) 
2.1012+00 tkm transport, truck, 28 t I, IOE+02 KBq Pu (water) 
3.40E+01 tkm transport, rail 6.90E+00 KDq U (water) 
1.40E+00 m2yr space 11-111 2.50E-03 kg Cl- (water) 
2.0012+00 m2yr space IMV 1.50E-03 kS N03- (water) 
LSOE-03 kg S04- (water) 
5.00E-03 kg Na+ (water) 
2.40E-03 m3 rad. waste interim storage (final rep. B) 4.1 OE+02 KBq C- 14 (water) 
1.40E-03 m3 rad, waste interim storage (final rep. Q 6.80E+00 KBq Am. 241 (water) 
7. OOE-04 m3 low active wastes 3.20E+02 KBq Ce. 144 (water) 
3. OOE+O I kg waste to sanitary landfill I 5.80E+06 KBq H-3 (water) 
9.40E-04 TJ heat waste to air 2. OOE+01 KBq Zr-95 (water) 
1.0012-0 1 KBq Cm (air) 1.90E+03 KBq Co-60 (water) 
3.1 OE+08 KBq Kr-85 (air) 9.1 OE+02 KBq Cs. 134 (water) 
2.30E-01 KBq Pu (air) 5.40E+03 KBq Cs- 137 (water) 
9.40E-03 KBq U (air) 1.20E+03 KBq 1.129 (water) 
3.60E-03 k& CO (air) 4.50E+00 KBq Np. 237 (water) 
1.8011-03 kg HCI (air) 3.30E+03 KBq Pu-2411 (water) 
8.0012-05 kg HIF (air) 1.20E+04 KBq Ru- 106 (water) 
3.70E-02 kg NOx (air) 2,40E+03 KBq SF-90 (water) 
L3.6013-03 kg SOX (air) 2.10F+02 KlIq Tc. 99 (water) 
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The results from the Impact Assessment in Simatool are listed below for Case I and Case 2. The 
tables include the main impact scores as well as information on the highest contributors to these. 
Environmental profile of Case I (Open fuel cycle) 
description score unit Highest contributor 
human toxicity 27.83 k& (a) SOx 69% 53% nickel from enrichment 
10% sulphuric acid (H2SO4) 
12% residual oil in power plants 
(a) NOx 23% 51% diesel in equipment 
abiotic depletion 4.84E-09 - (r) U 98% 
(r) Ni 2% 
ecotoxicity 4.85E+05 m' (w) Pb 58% 68% Opcncast mining 
(aquatic) 21% Underground mining 
(w) Cd 29% 70% Opcncast mining 
22% Undc%round mining 
acidification 21.75 kS (a) SOX 73% same as above 
(a) NOx 26% same as above 
nutrification 1.501 kg (a) NOx 71% same as above 
(w) NI-13 21% 57% Uranium concentrate prod 
27% underground mine 
7% fuel elem. prod for PWR 
7% Opencast mining 
ozone depletion 0,00081 kg (a) halon_1301 100% 
greenhouse 1999 kg (8) C02 95% 25% natural gas in ind. furnace 
effect (100 yr) 9% fuel oil 
(a) CH4 3% 40% Underground coal mining 
29% 
photochemical 0.1128 kg (a) CH4 29% 
oxidant forming (a) propane 13% 
(a) n-pentane 13% 
(a) butane 11% 
(1) xylene 5% 
(a) ethane 4% 
smell 1.87E+07 m' (a) H2S 90% 73% leakage natural gas 
27% coalcoke 
Note:: (a) air emission 
(w) water emission 
(r) resource 
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Environmental profile of Case 2 (closed fuel cycle) 
description score unit Highest contributor 
human toxicity 28.92 kg (a) SOX 68% 52% nickel from enrichment 
9% sulphuric acid (H2SO4) 
13% residual oil in power plants 
(a) NOX 22% 48% diesel in equipment 
abiotic depiction 4.48E-09 WU 98% 
(r) Ni 2% 
biotic depletion 0 yr-I 
ecotoxicity 4.57E+05 M3 (w) Pb 57% 68% Opencast mining 
(aquatic) 21% Underground mining 
(w) Cd 29% 70% Opencast mining 
22% Undcritround minin 
ecotoxicity 0 kg 
(tnest'C 
acidification 22.52 kg (a) SOX 73% same as above 
(a) NOx 26% same as above 
nutrification 1.504 kg (a) NOx 72% same as above 
(w) NHi 20% 56% Uranium concentrate prod 
27% underground mine 
7% fuel elem. prod for PWR 
7% Opencast mining 
ozone depiction 0.0008361 kg (a) halon_1301 100% 
greenhouse 2190 ks (a) C02 95% 26% natural gas in ind. furnace 
effect (100 yr) 7% fuel oil 
(a) CH4 3% 40% Underground coal mining 
22 L*/o leak-ge natural gas 
photochemical 0.122 kg (a) CH4 30% 
oxidant forming (a)propane 13% 
(a) n-pentane 13% 
(a) butane 11% 
(a) xylene 5% 
(a ethane 5% 
smell 2.09E+07 m3 (a) H2S 90% 74% leak-age natural gas 
26% coalcoke 
Note:: (a) air emission 
(W) water emission 
(r) resource 
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E-2. Recycling of reprocessed uranium 
According to the material balance shown in Appendix B, 8.25 kg of uranium ore (U30j) is required 
per TJ of electricity. At the fuel manufacturing plant the ore is dissolved and converted to U03 
(See Inventory in Volume 2). The efficiency of this conversion step is 99.5 %, and 8.36 kg U03 is 
passed on for further processing in the plant: 
6.99 kg U in 8.25 kg U308 => 6.96 kg U in 8.36 kg U03 
In the closed fuel cycle, it is assumed that 9% reprocessed uranium is used in the manufacture of 
the fuel. The reprocessed uranium enters the fuel manufacturing plant as U03- 
0.09 * 6.96 kg U=0.63 kg U as U03 from reprocessing 
The demand for uranium ore will therefore decrease by 9%: 
6.96 - 0.63 = 6.33 kg U as U03 frOM Uranium mining and milling 
The amount of uranium ore required per TJ of electricity is reduced from 8.25 kg to 7.5 kg U308- 
Material and energy input to each facility per TJ electricity: 
Reprocessing Sellarield Mining/Milling RBssing Ranger 
Nitric Acid 4.57 kg/TJ 
Sodium carbonate 2.92 kg/TJ Ammonia 5.29 kg/TJ 4.03 kg/TJ 
Sodium Hydroxide 2.21 kVTJ Explosives 18.3 kg/TJ 3.87 kWTJ 
Cement 0.13 3 kg/TJ Sulphuric Acid 339 kVTJ 145 kWTJ 
Glass frit 0.163 kg/TJ NaOH 1.04 kg/TJ 1.04 kg/TJ 
Electricity 360 MJ/TJ Electricity 1922.4 MJ/TJ 536.4 MJ/TJ 
(UK grid) (hard coal) (middle 
I I distillate) 
295 
Appendix E Cast studie.: - assumptions and calculations 
Summary Report for: Reprocessing (wAPEI%IS 3 background data) 
Standard Inputs Total Lnlcrcd 
Process Data 
Linked 
Materials 
Linked 
Energy 
Total Process Energy (MI) $60.2348 360,0000 1311,9243 364.310S 
Total Extracted Energy (MJ) 864.7123 0,0000 140.3810 724,3313 
Nuclear Electricity (MI) 117.6109 0.0000 2.0174 113.593$ 
R Other/Hydro Electricity (MJ) 70.5992 0.0000 1.1977 69,4015 
E Coal Reserves 16.5903 0.0000 1.1944 15.3959 
S Oil Reserves 2.96S2 0.0000 0.5775 2.3277 
0 Gas Reserves 2.9674 0. D000 1.4177 1.54% 
U Uranium 0.0000 0,0000 0.0000 0,0000 
R Iron ore 0.0004 0,0000 0.0001 0.0003 
C Bauxite 0.0021 0.0000 0,0003 0.0018 
E Sodium Chloride 7.2403 0.0000 7.2396 0.0007 
S Limestone 0.0005 0.0000 00001 00003 
Other 4.0295 0.0000 40295 0.0001 
Other Non Renewables 11.2727 0, D000 11,2693 0.0032 
Renewable Resources 1.2635 O. DOOO 0.1765 1.0870 
Ancillarics 0.0947 O. DOOO 00847 0,0000 
Process 18.0319 0.0000 1.5098 16.5221 
Other 36S. 5770 0.0000 339.0831 26,4940 
Water 383,6090 0.0000 340.5929 43.0161 
Air (Net) 35,3216 0.0000 6.2049 29.1168 
Open Loop Inputs 13.9919 O. DOOO 0,9889 13.0029 
Standard OutpuFs 
A CO 0M67 0.0000 0,0077 0.0190 
I C02 (Non Renewable) 54.0906 0.0000 9.1544 44.9362 
R C02 (Renewable) 1,5049 010000 0.2101 1.2949 
B C02 551958 0,0003 9.3645 46.2311 
0 NOX 01967 0,0202 00319 0,1447 
R S02 0.5616 0.0000 00315 0,5301 
N HC excl CH4 000S8 OW00 00008 0,0050 
E CH4 0,0058 0,0000 0,0008 0,0050 
Aldehydes 0.0000 0.0000 0-0000 00000 
Chlorinated HC 0.0000 0. D000 0,0000 &0000 
CVF carbons 0.0000 O, DWO 00000 0,0000 
Other VOC 0.1193 0,0000 0.0134 0,1059 
VOC 0.1309 0,0000 0.0150 011IS9 
Pb (air) 010000 0. WW 0,0000 0.0wo 
IIS(air) 0.0000 0,0000 010000 0,0000 
Other Metals (sit) 0.0000 0.0000 0,0000 0 DOOO 
Metals(air) 0,0000 0.0000 00000 0,0000 
Dust 0.0887 0,0000 ON66 00021 
C12 0,0001 0,0000 0001 0.0000 
F2 0.0000 00000 00000 0,0000 
I lCl 0.0006 010000 0,0005 00000 
111` 0.0001 0.0000 0.0001 01000 
llalides OW071 0,0000 0.0007 0 OW0 
Capi 
--0,0000 
1 
0,0000 
1 
0.0000 
1 
0 00) 
Lonlinued opt next page 
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Standard Outputs continued Total Entered 
Process Data 
Unkcd 
hIsterlols 
Unked 
Energy 
Herbicide 0.0000 0.0000 00000 010000 
Insecticide 0.0000 0.0000 OV000 0,0000 
N113 0.0016 0.0006 0.0005 0.0003 
Other (Air) 1.8302 0.0000 0.1469 1.6833 
Other Air 1.8318 0.0006 0.1474 1.6837 
Process 0.3363 0.0000 0.3363 0.0000 
Steam/Water vapour 0,3311 0.0000 0.0687 0,2624 
Waste 392.9041 0.0000 340.6829 42.2212 
Waste water 3933715 0.0000 341.0878 42.4937 
Al(walcr) 0.0000 0.0000 OV000 0.0000 
Cd(water) OV000 0.0000 0.0000 0.0000 
Cr(water) 0.0000 0.0000 0.0000 0,0000 
Cu(watcr) 0.0000 0.0000 0,0000 0.0000 
Fe(water) 0.0000 0.0000 0,0000 0.0000 
Hg(watcr) 0.0000 0.0000 0.0000 0.0000 
Ni(water) 0.0000 0.0000 00000 0.0000 
Pb(water) 0.0000 0.0000 0.0000 0.0000 
Zn(water) 0.0000 0,0000 00000 0.0000 
Unspecified/Other Metals (water) 0.0020 0.0000 00002 &0017 
W Meuds(water) 0.0020 O. OODO 0.0002 0.0017 
A Chlorides 0.0003 O. DOOO 00002 0.0000 
T Fluorides 0.0000 0,0000 0.0000 0.0000 
E Nitrates 0.0000 0.0000 0,0000 0,0000 
R Phosphates 0.0000 0.0000 0.0000 0.0000 
Sulphides/Sulphates 0.0034 0.0000 0 D001 0,0033 
Unspecified/Other TDS 0.3223 0.0000 0.0849 0,2373 
TDS 0,3259 0.0000 0,0852 0.2407 
TSS 0,0086 010000 0,0006 0.0031 
Oils & Greases 0,0001 0,0000 0,0000 0,0001 
Ammonia 0.0000 0,0000 0 DOOD 0.0000 
Chlorinated Solvents/Comp 0,0000 0,0000 00000 00000 
Cyanides 0.0000 0,0000 00000 00000 
herbicides 00000 0.0000 00000 0.0000 
pesticides 00000 0 OWO 00000 00000 
Phenol$ 010000 010000 00000 0 MW 
Other Miscellaneous D. D001 0ýww 00000 0. D001 
Acid 0.0007 O. DOOO 0.0005 0.0= 
Alkali 0.0000 0.0000 0.0000 0.0000 
. Miscellaneous obool 0.0000 0,0000 0,0001 
COD 0,0000 0.0000 0,0000 0.0000 
SOD 0.0001 0, D000 0 DOW obooo 
M Landfill weight 2.8267 0,0000 1.0936 1,7431 
1 Open Loop Outputs S, 8808 0,0000 2,5124 3,3684 
S Other Solid 9,6102 0 00DO 06229 81873 
IC 
Landfill Volume (dm3) 
1 
3.5322 0,0000 1.3333 2,1789 
Linvicu maicnais N&UtVCII. N&; CU). glass-product. cement. Nitric Acid Electricity Electricity (Average European) 
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Summary Report for: Mining-RBssing (wAPENIS3 background data) 
Standard Inputs Total Entered 
Process Data 
Unkcd 
Materials 
Unked 
Energy 
Total Process Energy (MI) 9096.9734 19224000 3471.7964 3702.7770 
Total Extracted Energy (MJ) 9129.0869 0,0000 3503.1798 5623,9070 
Nuclear Electricity (MJ) 162.5793 0.0000 1544648 7,7145 
P, Other/Hydro Electricity (MJ) 97.2388 0.0000 92.6068 46320 
E Coal Reserves 211.0377 0.0000 231517 187.4860 
S Oil Reserves 5.1666 0.0000 4.9563 0,2103 
0 Gas Reserves 45.8112 0.0000 43.7047 0.1065 
U Uranium 0.0000 8.2000 0,0000 0.0000 
P Iron ore 0.0001 0.0000 0.0001 0.0000 
C Bauxite 0,0028 0.0000 0.0026 0.0001 
E Sodium Chloride 1.0565 0.0000 1,0564 0.0000 
S Limestone 0.0001 0.0000 0.0001 0.0000 
Other 0.0455 0.0000 0.0455 0.0000 
Other Non Renewables 1.1050 8.2000 1.1047 0,0002 
Renewable Resources 2.0759 0.0000 2.0033 0.0725 
Ancillarics 0.0331 0.0000 0.0331 0,0000 
Process 25.8698 0.0000 24.7916 1.0781 
Other 2100. S205 0.0000 1570,7060 529.8145 
Water 2126.3903 00000 159S. 4976 $30,8926 
Air (Net) 523.2857 0.0000 127.8575 395,4282 
Open Loop Inputs 178.1770 0,0000 19,5655 1586115 
Standard Outputs 
A CO 0,1320 0.0000 0,0463 OM57 
I C02 (Non Renewable) 718,5462 0.0000 170,8834 $47.6628 
R C02 (Renewable) 2,6840 0,0000 2.5975 0,0864 
a C02 721.2302 0.0000 173,4809 $47,7492 
0 NOx 2,3247 0,0156 0,5474 1.7773 
R S02 7.4990 8.2400 2. S464 4,9326 
N HC excl C114 0.0053 0,0000 0,0049 0,0003 
E CH4 0,0053 0.0000 0,0049 OM03 
Aldehydes 0.0000 0.0000 0,0000 0.0000 
Chlorinated HC 0.0000 0.0000 0,0000 0.0000 
CVF carbons 0,0000 O, ODDO 0,0000 0,0000 
Other VOC 1.9611 0.0000 0,1040 1,8570 
VOC 1,9716 0,0000 0,1138 1,8$77 
Pb (air) 0.0000 0,0D00 okooo 0,0000 
Ill (air) 0.0000 OMDO 0.0000 0,0000 
Other Metals (air) 0,0000 010000 0ý0000 00000 
Metals(air) 0,0000 0,0000 010000 0.0000 
Oust Oý0167 0,0220 0.0074 0,0093 
C12 010000 010000 010000 0, DOOO 
F2 0.0000 0.0000 OM00 okooo 
11CI OM16 0,0000 0,0016 0M00 
IIF 0,0002 0,0000 0,000.1 O, D(K)O 
lialides 0,0018 O. ODOO 0,0018 0,0000 
Cap 
1 
0.00001 0.0000 0,0000 0.1)(0) 
CýOnllnudd on next page 
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Outputs continued 
Air 
Waste water 
Total 
NH3 0.0078 
Other (Air) 23.2904 
23.2982 
Process 0.0000 
SteanvWatcr vapour 0.7169 
Waste 2106.4679 
2107.1848 
Al(water) 0.0000 
Cd(water) 0.0000 
CT(Watcr) 0.0000 
Cu(watcr) 0.0000 
Fc(watef) 0.0000 
Hg(water) 0.0000 
Ni(watcr) 0.0000 
UnspeciriedlOther Mctals 
W Metals(water) 
A cl 
T F1 
EI 
P, Pho 
TSS 
Oils & Greases 
Unspecirted/Other MS 
Chlorinated 
Cyanides 
herbicides 
pesticides 
Phenols 
Other Miscellaneous 
Acid 
AlUll 
iscellancous 
M Undfill weight 
I Open Loop Outputs 
S Other Solid 
C Undfill Volume (dm3) 
Linked Materials 
0.0300 
0.0004 
5,1471 
5.1475 
0,1356 
0,0002 
0.0000 
010000 
0,0000 
0.0000 
0.0000 
Enttred 
Proms Data 
Unked 
Materials 
Linktd 
Enerty 
0.0000 00000 0,0000 
0.0000 00000 0,0000 
0,0178 OM01 OM77 
0,0000 2.7572 20.5333 
0,0178 2,7572 20.5410 
0,0000 0,0000 obooo 
0.0000 &6979 0,0189 
O. DDOOI 1580.21051 526.2574 
0.0000 1580.90851 $26.27631 
0,0000 
0.0000 
0.0000 
00000 
00000 
0,0000 
0,0000 
&OODO 
0.0000 
0,0000 
0.0000 
0.0000 
0,0003 
00003 
00000 
0,0000 
0,0000 
0,0000 
0,0002 
0,5763 
0.5765 
0,0014 
0.0000 
0.0000 
obooo 
0.0000 
0.0000 
0.02991 
0.0298 
0,00021 
4.5708 
4.3710 
0,1343 
0.0048 0,0000 00048 0,0000 
0,0003 00000 00003 0,0000 
00000 00000 0ý0000 0.0000 
010048 0.0000 0,0048 O, O(K)O 
0.0000 0 oow obooo 0,0000 
0,0003 0,0000 00003 O, OOCK) 
29,6372 0.0000 18693 26,7679 
86.05" toooo 280226 $8,0373 
93,3821 toooo 13,3$09 SOVII 
37,0421 0,00001 3,58221 33,45991 
Ammonia (NIIJIý Sulphuric acid. N&UIJ/CI2. explobives 
tiectricity Electricity (I leavy Fuel Oil) 
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Summary Report for: Mining-RaDgcr (wAPEMS 3 background data) 
Standard Inputs Total Entered 
Process Data 
Uoktd 
Materials 
Unked 
Energy 
Total Process Energy (MJ) 3184.4691 536.4000 1394.1561 1253,2130 
Total Extracted Energy (MI) 3198.1626 0.0000 1408.54% 1789.6130 
Nuclear Electricity (MJ) 53.5342 0.0000 $3.4084 0.1258 
R Other/Hydro Electricity (MJ) 32.1967 0.0000 31.906 0,2871 
E Coal Reserves 8.6030 0.0000 8,4231 0.17" 
S Oil Reserves 388832 0.0000 1.9wo 36-9792 
0 Gas Reserves 21.3462 0.0000 19.1329 2.2132 
U Uranium 0.0000 8.2000 0,0000 0.0000 
R Iron ore 0.0031 0.0000 0,0001 0,0050 
c Bauxite 0.0133 0.0000 0.0020 0.0115 
E Sodium Chloride 1.0612 0.0000 1.0562 0.00so 
S Limestone 0.00SI 0.0000 0.0001 0.0050 
Other 0.0466 0.0000 0.0454 00011 
Other Non Renewables 1.1315 8.2000 1.1038 0,0276 
Renewable Resources 0.7504 0,0000 0,7504 0.0000 
Ancillaries 0.0331 0.0000 0.0331 0.0000 
Process 2.2947 0.0000 8.2947 0,0000 
Other 731.1352 0.0000 723.6054 7.5298 
Water 739.4299 0.0000 731.9W] 7.5298 
Air (Net) 138,1798 0M00 51.3330 868468 
Open Loop Inputs &9767 0,0000 69767 0.0000 
Standard Outputs 
A CO t0402 0,0000 0,0160 0,0242 
I C02 (Non Renewable) 189,1666 0.0000 67.7412 121.4254 
R C02 (Renewable) 0,9838 0.0000 0,9838 t0000 
8 C02 190.1503 00000 63.7249 121,4254 
0 NOx 0,5759 0.0000 0,2167 0,3592 
P. S02 1.4418 0.0000 1,0326 0,4092 
N tic "cl CH4 0,0558 0,0000 0, D038 00520 
E CH4 0,0558 0,0000 0,0038 0.0520 
Aldehydes 0.0000 0,0000 0,0000 0,0000 
Chlorinated tic 0,0000 010000 0,0000 t0000 
CUF carbons 0.0000 0,0000 0,0000 010000 
Other VOC 0.0350 0,0000 00309 0,0042 
VOC 0.1465 0,0000 0,0384 011081 
Pb (air) 00000 0.0000 t0000 0.0000 
HS (air) 0, DOOO ODOM 0, DODO 0,0000 
Other Metals (air) 0.0001 toooo 0,0000 00000 
, Mctals(air) 0,0001 0,0000 t0000 0,0000 
Oust 0,0182 0,0000 0.0060 Oý0122 
C12 0M00 toooo 00000 0,00M 
F2 0.0000 OV000 0M00 00000 
I lCI 0.0014 0.0000 0,0012 0,000.1 
11F 010001 0,0000 0. D001 0ý()000 
Halides 0,0016 0,0000 O. DO14 0,0001 
Cap 0100001 toooo 0*001 0,0000 
%. ananuca on next page 
300 
Appendix E Case studies - assumptlow and calculatlow 
Standard Outputs continued Total Entered 
Process Data 
Unked 
Materials 
Unked 
Enerty 
flerbicide 0.00W 0.0000 0.0000 0.0000 
Insecticide 0.0000 0.0000 0.0000 0.0000 
NI-13 0,0000 0.0000 0ý0000 0.0000 
Other (Air) 0. "85 0.0000 0. "85 0.0000 
Other Air 0. "86 0,0000 0ý"86 OW00 
Process 0.0000 0.0000 0.0000 0.0000 
Steam/Water vapour 4.3477 0.0000 0.2745 4.0732 
Waste 72S. 8118 0.0000 725.8117 010001 
Waste water 730.1595 0.0000 72&0862 40733 
Al(water) O. DOOO 0.0000 0,0000 0.0000 
Cd(water) 0,0000 0,0000 0.0000 0.0000 
Cr(watcr) 0.0000 0.0000 00000 0.0000 
Cu(watcr) 0.0000 4.57E-5 0.0000 0,00DO 
Fc(water) 0.0000 0.0000 0.0000 0.0000 
Hg(watcr) 0.0000 0.0000 0.0()00 010000 
Ni(water) 0.0000 0.0000 0,0000 0.0000 
Pb(watcr) 0.0000 4,57E-5 0.0000 0,0000 
Zn(water) 0,0000 0.0000 0,0000 0ý0000 
Unspecifiedi'Other Metals (water) 0.0004 0.0000 &D002 0,0002 
W Metals(water) 0.0004 0.0000 0.0002 0.0002 
A Chlorides 0.0004 0.0000 0ý0000 0, D004 
T Fluorides 0.0000 0.0000 0,0000 0,0000 
E Nitrates 0,0001 7.3 1 E4 00000 0.0001 
R Phosphates 0.0000 2.54E-5 00000 0.0000 
Sulphides/Sulphates 0.0001 0.0000 0, D00I 0,0000 
Unspccificd/Other TDS 0.2362 0ý0000 0.2355 0,0007 
TDS 0.2368 0.0000 0.2356 0.0011 
TSS 0.0032 0.0000 0,0011 0ý0022 
Oils Greases O'DW2 0.0000 0,0002 0.0000 
Ammonia 0,0000 O, ODW 0.0000 0, WW 
Chlorinated Solvents/Comp 0,0000 0.0000 0,0000 0,0000 
Cyanides 0.0000 0,0000 0,0000 0,0000 
herbicides 0.0000 0.0000 0.00D0 010000 
pesticides 0.0000 0.0000 0,0000 0ý0000 
Phenols 0,0000 0.0000 O, DOOO olow 
Other Miscellaneous 0.0036 0,0000 0,0036 0ý0000 
Acid 0,0014 0.0000 0,0003 010011 
Alkah 0,0000 0.0000 0.0000 010000 
Miscellaneous 00037 0,0000 0ý0036 0ý0000 
COD 0ý0004 0.0000 0,0000 00004 
BOD 0,0DG4 O, ODOO 0,0002 0 DD02 
M Landrill weight 1.3108 0,0000 1,1495 0,1613 
1 Open Loop Outputs 19.2431 00000 11.7061 7,5420 
S Other Solid 4,8222 O. Wo 41433 0,0789 
C Landfill Volume (dm3) 1,6376 0,0000 1,4360 0,12016 
Linkea materials Ammonia (N1% Sulphuric acid. NeUILIC12. explosives Electricity Electricity (I leavy Fuel Oil) 
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E-2.1 Impact Assessment 
The impact assessment for the non-active burdens is calculated using the standard PEMS 3 
template which is based on the characterisation factors recognised by SETAC (see Chapter 3). 
The radiological impacts were assessed using the methodology described in Chapter 5 and Chapter 
6 of this thesis. The following assumptions and calculations have been made: 
E-2.1.1 Radiological Interventions from THORP 
1) Liquid effluents are released directly to the coastal water near Sellafield 
Fate parameters: 
Radionuclide emissions from inventory, NV,, (Bq/TJ) 
Complete mixing 
" Depth, d (in) 22 
" Exposure distance (in) 154 
" Dispersion constant from 
tables, Fw (S/M2) 1.79 
" Conversion from seconds 
to year (s/year) 3.15E+07 
" Nominal probability 
coefficient (Sv") 6. OOE-02 
Concentration in water found from 
C (Bq y/TJ M) = Wo FsvD/d 
Total liquid discharges 
Radionuclides Bq/TJ 
Coastal water 
concentration 
Bq Yfrj M3 
Screening factor Screening value 
Sv m3/Bq y Sv/TJ 
Risk' 
I/Tj 
ýA-m-241 5.50E+03 1.42E-05 1.20E-05 1.71E-10 1.02 E. 11 
C-14 3.60E+05 9.3 1 E-04 1.40E-07 1.30E-10 7.82E. 12 
CC-144 2.79E+05 7.21 E-04 4.70E-OS 3.39E-1 I 2,03C--12 
Co-60 2.45E+05 6.34E-04 1.30E-05 8.24E-09 4,95 E- 10 
Cs-134 7.28E+05 1.88E-03 3.90E-07 7.33E-10 4AOE-ll 
Cs-137 2.26E+06 5.85E-03 8.70E-07 5.09E-09 3.05C--10 
11-3 8.58E+06 2.22E-02 5.20E-13 1.15E. 14 6.91 E- 16 
1-129 1.02E+06 2.64E-03 1.50E-07 3.96E-10 2,38E-1 I 
Kr-85 3.11 E+06 8.03E-03 5.10E-13 4,09E-15 2.46E-16 
NIn-54 2.50E+04 6.46E-05 8.10E-07 5.23 E- 11 3.14 E- 12 
Nb-95 4.40E+03 1.14 E-05 8,80E-08 1.00E. 12 6.011: 44 
Np-237 3.88E+03 LOOE-05 7. OOC-06 7.02 E- 11 4.21 E- 12 
Pu-241 2.81 E+06 7.27E-03 2. OOE-08 1.45C--10 8.731: 42 
Ru-106 1.08E+07 2.78E-02 1.90E-07 5.29C--09 3.17C. 10 
Sr-90 2.24E+06 5.79E-03 3.70E-09 2.14 E. 11 1.29C--12 
Tc-99 1.81 E+05 4.67E-04 6.80E-09 3.18E-12 1.91C--13 
Zr-95 4.20E+02 1.09E-06 3JOE-07 3.37E. 13 2.02 C- - 14 
týi Tt 1.212r-09 
Note 1: Includes Nominal vrobabilitv coefficient - 6, OOE-02 (Sv. II 
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2) Air emissions from Sellafield main stack 
Fate parameters: 
0 Radionuclide emissions from inventory, Wo (Bq/TJ) 
" Stack Height, H (m) 125 
" Release distance, x (m) 500 
" Dispersion factor from 
tables, p (M-2) 2.50E-06 
Wind speed, u (m/s) 2 
" Wind fraction 0.25 
" Conversion from seconds 
to year (s/year) 3.15E+07 
" Nominal probability 
coefficient (Sv") 6. OOE-02 
Concentration in air found from 
C (Bq y/TJ M) = 0.25 P Wo/u 
Total air discharges 
Radionuclides Bq/TJ 
Atmospheric 
concentration 
Bq y/TJ M3 
Screening factor 
SV M3 /Bq y 
Screening value 
Sv/TJ 
Risk' 
I/Tj 
Am-241 3.58E+01 3.55E-13 I. OOE+00 3.55E-13 2.13E-14 
C-14 2.92E+05 2.90E-09 2.60E-04 7.53E-13 4.52E-14 
Ce-144 9.63E+03 9.5513-11 5.20E-03 4.96E-13 2.98E-14 
Cm-244 1.26E+03 1.24E-1 I 5.40E-01 6.72E-12 4.0313-13 
Co-60 1.26E+04 1.25E-10 1.70E-01 2.13E- I1 1.2813-12 
Cs-134 2.4 1 E+04 2.3 9E- 10 1.30E-01 ME-1 I 1.86E-12 
Cs-137 6.3 8E+04 6.32E-10 2.2013-0 1 1.3913-10 8.3413-12 
H-3 1.78E+07 1.77E-07 1.90E-06 3.3613-13 2.0213-14 
1-129 2.82E+04 2.80E-10 5.60E-01 1.57E- 10 9.4 1 E- 12 
Kr-85 2.67E+ II 2.65E-03 2.80E-09 7.42E-12 4.45E-13 
Np-237 6.76E-01 6.70E-15 1.30E+00 8.71E-15 5.23E-16 
Pm-147 1.07E+03 1.06E- II 3.20E-04 3.413-15 2.04E- 16 
Pu-241 2.65E+05 2.6313-09 2. OOE-02 5.2613- 11 3.15E-12 
Ru-106 5.1 OE+04 5.05E-10 9.60E-03 4.85E-12 2.91E-13 
Sr-90 4.56E+04 4.52E-10 1.9013-01 8.59E- II 5.16E-12 
Tc-99 2.5013+01 2.48E-13 3.40E-02 8.4313-15 5.06E-16 
Total 2.6713+11 3.05E-11 
Note 1: Includes Nominal probability coefficient - 6. OE-02 (Sv") 
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3) Intermediate Solid Waste (ILW) disposed to a deep geological repository in clay. Dose and risk 
factors are listed in Appendix D. 
Characterisation factors Risk values 
1 Intrusion (well) Intrusion (well) Intrusion (well) Intrusion (well) 
100 yrs 300 yrs 100 yrs 300 yrs 
Radionuclides Bq/TJ Risk (y-1 Bq-') Risk (3(l Bq-) I/Tj 1/Tj 
C-14 1.97E+06] 2.39E-27 2.3513-27 4.73E-21 4.63E-21 
Cs-137 1.28E+101 7.9513-25 7.8313-27 1.0213-14 1.0113-16 
Sr-90 1.5 1 E+09 2.28E-26 1.96E-28 3.45E-17 2.96E-19 
ITotal 1.02E-14 1.01E-16 
4) High Level Waste (HLW) disposed to a deep geological repository in clay. Dose and risk 
factors are listed in Appendix D. 
Characterisation factors Risk values 
Normal Intrusion Normal Intrusion 
Evolution' 100 yrs Evolution 100 yrs 
Radionuclides Bq/TJ 1/Bq Risk (y-1 Bq"') IM 1/Tj 
Tc-99 3.62E+08 1.57E-25 1.04E-30 5.69E-17 3.76E-22 
Np-237 9.69E+06 3.75E-23 1.4413-27 3.63 E- 16 1.40E-20 
Pu-241 5.10E+W 3.53E-29 LSOE-20 
jAm-241 3.38E+10 4.75E-27 1.61E-16 
ITotal I 4.20E-16 1.61E-16 
Note ': Includes Nominal probability coetticient - bmuh-w kNv *) 
5) The spent fuel is assumed to be disposed to a deep geological repository in granite. Dose and 
risk factors are listed in Appendix D. 
Characterisation factors Risk values 
Normal Intrusion Normal Intrusion 
Evolution' 100 yrs Evolution 100 yrs 
Radionuclides Bq/TJ I/Bq Risk (y-1 Bq") 1/Tj 1/Tj 
H-3 5.18E+09i 9.60E-34 4.97E-24 
C-14 2.09E+07ý 6.62E-32 8.26E. 30 1.39E-24 1.73E-22 
TC-99 5.57E+08! 1.83E-20 5.94E-30 1.02E- 11 3.3 1 E-21 
1-129 1.04E+061 1.30E-19 9.92E-29 1.36E-13 1.04E-22 
Cm-244 8.15E+10 7.05E-30 5.75E-19 
Total 1.03E-1 I 5.78E-19 
Note 1: Includes Nominal probability coefficient - 6. OOE-02 (Sv") 
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6) Low Level Waste (LLW) is assumed to be disposed at Drigg. Dose and risk factors are 
listed in Appendix D. 
Bq/TJ 
- 
Characterisation factors 
Normal Intrusion Intrusion 
Evolution 50 yrs 300 years 
risk risk risk 
(y-1 Bq-1) (y-I Bq-1) (y-1 Bq-1) 
Normal 
Evolution 
1/Tj 
Risk values 
Intrusion 
50 yrs 
I/Tj 
Intrusion 
300 years 
I/Tj 
H-3 3.93E+04 3.36E-22 8.64E-24 1.32E-17 3.4013-19 
Tc-99 5.80E+01 3.12E-20 1.824E-20 1.34413-20 1.81E-18 1.06E-18 7.80E-19 
1-129 1.00E+02 1.6813-18 8.16E-20 6.72E-20 1.68E-16 8.1613-18 6.72E- 18 
Cs-137 4.58E+05 1 1.104E-21 2.83213-24 5.05E-16 1.30E-18 
Ra-226 2.90E+00 2.50E-25 9.6E-19 9.1213-19 7.2313-25 2.78E-18 2.64E- 18 
Th-232 2.87E-05 6. IOE-19 8.64E- 19 9.12E- 19 1.75E-23 2.48E-23 2.6213-23 
U-234 2.58E+02 3.98E-19 9.12E-22 9.12E-22 1.03E-16 2.3513-19 2.35E-19 
U-235 3.83E+00 1.25E-18 7.68E-20 7.68E-20 4.7813-18 2.94E-19 2.94E-19 
U-238 1.02E+02 1.17E- 19 6.24E-22 6.7213-22 1.19E-17 6.36E-20 6.85E-20 
Np-237 3.05E+00 2.98E-19 2.832E-20 2.688E-20 9.09E-19 8.65E-20 8.2 1 E-20 
Pu-238 3.57E+04 1.39E-22 3.744E-22 2.112E-22 4.9713-18 1.34E-17 7.53E-18 
Pu-239 2.97E+03 4.9413-20 3.88813-21 3.888E-21 1.47E-16 1.1513-17 1.1513-17 
Pu-241 5.2213+03 1.94E-24 6.72E-23 8.64E-24 LOIE-20 3.51E-19 4.5 1 E-20 
Am-241 3.55E+04 6.288E-23 1.48813-20 1.296E-20 2.23E-18 5.2813-16 4.60E-16 
Yotal I 4.57E-16 1.07E-15 4.91E-16 
7) The LLW from THORP is also assessed using a simplified screening technique in order to 
compare the waste with the mine tailings from the ETH mine. It is assumed that the disposal site 
is occupied by humans and that exposure takes place via a water well. The screening factors are 
listed in Appendix D. 
LLW 
Radionuclides Bq/TJ 
Screening Ector 
(soil) 
Sv/Bq 
Screening value 
Sv/TJ 
Risk' 
I/Tj 
H-3 E+04 ME-13 1.22E-08 7.3213-10 
Tc-99 5.80E+O I 1.3E-1 I 7.54E-10 4.52E-1 I 
1-129 I. OOE+02 2.013-10 2. OE-08 1.20E-09 
Cs-137 4.58E+05 IAE- 11 6.41 E-06 3.84E-07 
Ra-226 2.90E+00 8. OE- II 2.32E-10 1.39E- II 
Th-232 2.8713-05 9.9E- II 2.84E- 15 1.71E-16 
U-234 2.58E+02 1.5E- II 3.86E-09 2.32E-10 
U-235 3.83E+00 2. OE- II 7.66E- II 4.59E-12 
U-238 1.02E+02 1.7E-10 1.73E-08 1.04E-09 
Np-237 3.05E+00 3. OE-10 9.16E- 10 5.50E-1 I 
Pu-238 3.57E+04 7.9E-12 2.82E-07 1.69E-08 
Pu-239 2.97E+03 9.5E-12 2.82E-08 1.6913-09 
Pu-241 5.22E+03 2.9E-13 1.5 1 E-09 9.08E- II 
Am-241 3.55E+04 8AE-12 2.98E-07 1.7913-08 
Total 4.24E-07 
Note 1: Includes Nominal probability coefficient - 6.0013-02 (Sv-1) 
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8) Environmental Irradiation resulting from liquid effluents released to the coastal water near 
Sellafield. Characterisation factors listed in Appendix D. 
Coastal water concentration 
(see calculations in item no. 1) 
Radionuclides Bq YM m3 
Characterisation factor 
M3/Bq y 
Environmental 
Irradiation value 
1/Tj 
C-14 9.3 1 E-04 1.2 1 E-04 1.13E-07 
H-3 2.2213-02 1.5713-06 3.47E-08 
Am-241 1.42E-05 5.04E+00 7.18E-05 
1-129 2.64E-03 9.48E-04 2.50E-06 
Np-237 LOOE-05 1.0 1 E-02 1.0213-07 
Pu-241 7.27E-03 1.09E+00 7.96E-03 
Sr-90 5.79E-03 8.22E-03 4.76E-05 
Tc-99 4.67E-04 1.63E+00 7.64E-04 
Total 8.84E-03 
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E-2.1.2 Environmental interventions from ROssing ft, 
1) Radon emissions from R6ssing are assumed to be released at ground level and the distance 
to public exposure is assumed to be 10 km, which is the distance to the Arandis township. The 
contribution to the Human Irradiation category can be calculated using the radon emissions and the 
following parameters: 
Fate parameters: 
" Radionuclide emissions from inventory, W. (Bq/TJ) 
" Stack Height, H (in) 0 
" Release distance, x (m) 10,000 
" Dispersion factor from 
tables, p (M, 2) 1.30E-06 
" Wind speed (average velocity 
during berg winds), u (m/s) 7.5 
" Wind fraction 0.25 
" Conversion from seconds 
to year (s/year) 3.15E+07 
" Nominal probability 
coefficient (Sv") 6. OOE-02 
Concentration in air found from 
C (Bq y/TJ M3) = 0.25 P W, ýu 
Atmospheric Screening Screening value Risk 
concentration factor 
[Zadionuclides Bq/TJ Bq y/TJ M3 Sv m3/Bq y Sv/TJ I/Tj 
P. n-222 1.40E+09 1.92E-06 5.50E-04 1.06E-09 6.35E-11 
I -. - 1. ------ 9 AAC II -. I. - .-. 1-1 - F-- i 
E-2.13 Radiological interventions from Ranger 
1) Radon emissions from Ranger are assumed to be released at ground level and the distance to 
public exposure is assumed to be 7 km, which is the distance to the Jabiru township. The 
contribution to the Human Irradiation category can be calculated using the radon emissions and the 
following parameters: 
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Fate parameters: 
" Radionuclide emissions from inventory, W,, (Bq/TJ) 
" Stack Height, H (in) 0 
" Release distance, x (in) 7,000 
" Dispersion factor from 
tables, P (m-2) 2.60E-06 
" Wind speed (assume the same as 
for R6ssing), u (m/s) 7.5 
" Wind fraction 0.25 
" Conversion from seconds 
to year (s/year) 3.15E+07 
" Nominal probability 
coefficient (Sv"') 6. OOE-02 
Concentration in air found from 
C (Bq y/TJ M3) = 0.25 P W. /u 
Atmospheric Screening Screening value Risk 
concentration factor 
P. adionuclides Bq/TJ Bq y/TJ M3 SV M3 /Bq y Sv/TJ I/Tj 
Rn-222 4. OOE+07 1.1 OE-07 5.50E-04 6.05E- II3.63E-12 
I-. - 
I. XT--; --t ------ Z AAC Aý IC.. 11 
............ 
2) Liquid effluents were permitted from the Ranger storage ponds (RP1 and RN) to the 
Magela Creek in 1994/95. 
Fate parameters: 
" River depth, D (m) 3 
" River width, W (m) 3 
" Exposure distance, x (m) 21 
" Index, E 10.5 
" Partial mixing factor 3 
" River flow (m3/s) 600 
" Seconds in a year (s/year) 3.15E+07 
Total liquid discharges River Screening factor Screening value Risk' 
concentration 
Radionuclides Bq/TJ Bq y/TJ M3 SV M3 /Bq y Sv/TJ I/Tj 
U-238/234 2.8413+03 4.5111-07 1.80E-07 8.11 E- 14 4.87E-15 
Th-230 2.74E+02 4.34E-08 3.70E-07 1.61E-14 9.6413-16 
Ra-226 5.78E+02 9.17E-08 4.7013-06 4.3 1 E- 13 2.59E-14 
Pb-210 2.49E+03 3.95E-07 6.80E-06 2.69E-12 1.61E-13 
Po-210 1.24E+03 1.96E-07 8.20E-07 1.61E-13 9.66E-15 
jTotal 2.03E-13, 
-. uj--4 aivu-sas Fivuav-Ly ýýLIMMIIL - 0, VUr, -VZ k,, V-1) 
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3) Environmental Irradiation resulting from liquid effluents released to the Magela Creek. 
Characterisation factors listed in Appendix D. 
River concentration Characterisation factor Environmental 
(see calculations in item no. 2) Irradiation value 
Radionuclides Bq y/TJ m3 In 3/Bq y l/Tj 
U-238/234 4.5 1 E-07 7.68E- I1 3.4613-17 
Th-230 4.34E-08 3.47E-05 1.5 1 E- 12 
Ra-226 9.17E-08 4.33E-04 3.97E- II 
Pb-210 3.9513-07 1.1 OE-02 4.35E-09 
Po-210 1.96E-07 6.08E-01 1.1913-07 
Total 1.2E-07 
E-2.1.4 Environmental interventions from the ETH uranium mine 
1) Radon emissions from the ETH mine are assumed to be released at ground level and the 
distance to public exposure is assumed to be 10 km, as at the R6ssing uranium mine. The 
contribution to the Human Irradiation category can be calculated using the radon emissions and the 
following parameters: 
Fate parameters: 
Radionuclide emissions from inventory, W,, (Bq/TJ) 
Stack Height, H (in) 0 
" Release distance, x (in) 10,000 
" Dispersion factor from 
tables, p (M-2) 1.30E-06 
" Wind speed (average velocity 
during berg winds), u (m/s) 7.5 
" Wind fraction 0.25 
" Conversion from seconds 
to year (s/year) 3.15E+07 
Nominal probability 
coefficient (Sv-1) 6.0013-02 
Concentration in air found from 
C (Bq y/TJ M) = 0.25 P Wdu 
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Radionuclides Bq/TJ 
Atmospheric 
concentration 
Bq y/TJ M3 
Screening 
factor 
Sv m3/Bq y 
Screening value 
Sv/Tj 
Risk 
1/Tj 
U-234 2.03E+04 2.79E- 11 3.1 OE-0 I 8.65E-12 5.19E-13 
U-235 9.80E+02 1.35E-12 3.40E-0 I 4.58E-13 2.7513-14 
U-238 2.03E+04 2.79E- II 2.90E-0 I 8.09E-12 4.85E-13 
Th-230 2.1 OE+04 2.89E- II 4.90E-0 1 1.4 1 E- II 8.48E-13 
Ra-226 2.1 OE+04 2.89E- II 8.30E-01 2AE-1 I 1.44E-12 
Po-210 2.1 OE+04 2.89E- II 1.60E-01 4.62E-12 2.77E-13 
Pb-210 2.1 OE+04 2.89E- 11 7.1 OE-0 1 2.05 E- 11 1.2313-12 
Rn-222 1.96E+09 2.69E-06 5.50E-04 1.48E-09 8.89E-11 
Total 2. OE+09 9AE-11 
-. 1-1-3 &NVjIjjj- FjVUQ-jLLjy ---- - ---- k-1) 
2) The contributions to the Human Irradiation category by liquid effluents from the ETH 
mine are found using the same parameters as for the Ranger mine. 
Fate parameters: 
" River depth, D (m) 3 
" River width, W (m) 3 
" Exposure distance, x (m) 21 
" Index, E 10.5 
" Partial mixing factor 3 
River flow (m3/s) 600 
Seconds in a year (s/year) 3.15E+07 
Total liquid discharges River Screening factor Screening value Risk' 
concentration 
Radionuclides Bq/TJ Bq y/TJ m3 Sv m3/Bq y Sv/TJ 1/Tj 
Ra-226 1.54E+08 2.44E-02 4.70E-06 1.15E-07 6.8913-09 
Th-230 5.74E+06 9.1 OE-04 3.70E-07 3.37E-10 2.02E- II 
U-238 2.24E+06 3.55E-04 1.80E-07 6.39E- II 3.83E-12 
U-234 6.79E+04 1.08E-05 8.1013-08 8.72E- 13 5.23E-14 
U-235 3.50E+03 5.55E-07 3.90E-07 2.1613-13 1.3E-14 
, 
Total 1.6E+08 6.9E-09 
. -- L . --. 1-1 ....... -. - --- -- 1- . 1 -. --u- 4NVIIIIIIW PLVUi2UIIJLY WUMCIUM - O. VVZ-V. 4 ýOV-I) 
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3) Environmental Irradiation resulting from the liquid effluents released to the water 
environment. Characterisation factors listed in Appendix D. 
River concentration Characterisation factor Environmental 
(see calculations in item no. 2) Irradiation value 
Radionuclides Bq y/TJ M3 In 
3 ABq y I/Tj 
Ra-226 2.44E-02 4.33E-04 1.06E-05 
Th-230 9.1 OE-04 3.47E-05 2. OOE-08 
U-238 3.55E-04 7.68E-1 I 2.64E-14 
U-234 1.08E-05 1.40E-06 1.5 1 E-1 I 
U-235 5.55E-07 1.08E-08 5.99E-15 
Total ME-05 
4) The uranium mine tailings from the ETH mine are assessed using the screening factors for 
soil. See Appendix D. 
Mine tailings 
Radionuclides Bq/TJ 
Screening factor 
(soil) 
Sv/Bq 
Screening value 
Sv/Tj 
Risk' 
I/Tj 
U-238 + U-234 1.12E+07 1.70E-10 1.90E-03 1.14E-04 
Th-230 8.40E+07 4.30E- 11 3.6 1 E-03 2.17E-04 
Ra-226 8.40E+07 8. OOE- II 6.72E-03 4.03E-04 
Pb-21 0 1.6 1 E+05 2.10E-l I 3.38E-06 2.03E-07 
Bi-210 1.6 1 E+05 1.60E-15 2.58E-10 1.5513- 11 
Po-2 10 1.6 1 E+05 3.3 OE- 14 5.3 1 E-09 3.19E- 10 
. 
Total 1.80E+08 7.34E-04 
Note 1: Includes Nominal probability coefficient - 6. OOE-02 (Sv. I) 
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E-3. Process Selection 
E-3.1 Inventory data 
The capacity of the Waste Encapsulation Plant is approximately 12 drums a day. This includes 8 
drums with Hulls and 4 drums with Centrifuge cake, Barium carbonate and MEB crud. It is 
assumed that the electricity consumption for the encapsulation of these drums is the same 
regardless of type of waste. Hence 67% of the electricity is consumed for Hulls and 33% for the 
ILW slurries (approximately 29 % centrifuge cake and 4% Barium carbonate and MEB crud). 
The electricity consumption for the encapsulation plant is 5.4 kWh/TJ and for the Vitrification 
plant it is assumed to be approximately 4.9 kWh/TJ (BNFL, 1996, personal communication)'. 
Case 1: 
Encapsulation plant: 
5.4 kWh/TJ 
Vitrification plant: 
4.9 kWh/TJ 
Total = 10.3 kWh/TJ 
= 37.1 MJ/TJ 
Case 2: 
Vitrification plant: 
Normal load on the Vitrification plant is 1830 kg/day. In case 2, this is increased to 2590 
kg/day due to the addition of the centrifugation cake. Electricity consumption is changed in 
accordance with the load, i. e. 
4.9 kW'liTJ*(2590/1830) = 6.9 kWh/TJ 
Encapsulation plant: 
71% of electricity to encapsulate Hulls, Barium carbonate and MEB crud 
5.4 kWh/TJ * 0.71 3.8 kVA-YTJ 
Total 10.7 kWh/TJ 
38.5 MJ/TJ 
1 It is assumed that the plants operate 240 days/year and that the THORP average throughput is 1200 tonne U/year. 
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The material consumption for the two scenarios is calculated according to the change in load on 
the vitrification process: 
Case 1: 
Process Load (kg/day) Materials values (kg/TJ) 
Vitrification of HLW 1830 
IIN03 0.017 
02 0.151 
N2 0.498 
Glass frit 0.163 
Encapsulation of Hulls 6400 
N2 0.036 
Cement 0.072 
Encapsulation of Centrnge cake slurry t, 760 
N2 0.032 
Lime (CaO) 0.004 
Cement 0.056 
Encapsulation of Barium Carbonate 110 
and MEB crud 
N2 0.008 
Cement 0.005 
In Case 2, the Centrifuge cake slurry is vitrified together with the HLW. The load on the 
vitrification process changes to 2590 kg/day. The consumption of materials are changed according 
to this chanae in load, e. g. CP 
0.163 kg glass frit/TJ * (2590/1830) = 0.231 kg/TJ 
It is assumed that the lime for neutralisation of the centrifuge cake slurry is only required in the 
cementation process. The revised material consumption data are as follows: 
Case 2: 
Process Load (kg/day) Materials values (kg/TJ) 
Vitrification of HLW + 2590 
Centrifuge cake slurry HN03 0.025 
02 0.213 
N2 0.704 
Glass frit 0.231 
Encapsulation of Hulls 6400 
N2 0.036 
Cement 0.072 
Encapsulation of Barium Carbonate 110 
and MEB crud N2 0.008 
Cement 0.005 
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Summary Report for: Reprocessing Case 1- Vitrification of HLW 
Standard Inputs Total Entered Process 
Data 
Linked Materials Linked Energy 
Total Process Energy (MJ) 77.7317 37.1000 3.0875 37.5442 
Total Extracted Energy (MJ) 78.0632 0.0000 3.4169 74.6464 
Nuclear Electricity (MJ) 12.2548 0.0000 0.3422 11.9126 
R Other/Hydro Electricity (MJ) 7.3540 0.0000 0.2018 7.1522 
E Coal Reserves 1.6478 0.0000 0.0612 1.5866 
S Oil Reserves 0.2611 0.0000 0.0151 0.2461 
0 Gas Reserves 0.1723 0.0000 0.0126 0.1597 
U Uranium 0.0000 0.0000 0.0000 0.0000 
R Iron ore 0.0000 0.0000 0.0000 0.0000 
C Bauxite 0.0002 0.0000 0.0000 0.0002 
E Sodium Chloride 0.0417 0.0000 0.0416 0.0001 
S Limestone 0.0001 0.0000 0.0001 0.0000 
Other 0.4373 0.0000 0.4373 0.0000 
Other Non Renewables 0.4794 0.0000 0.4790 0.0003 
Renewable Resources 0.1159 0.0000 0.0039 0.1120 
Ancillaries 0.0086 0.0000 0.0086 0.0000 
Process 2.1280 0.0000 0.4253 1.7027 
Other 20.9943 0.0000 18.2640 2.7304 
Water 23.1223 0.0000 18.6893 4.4330 
Air (Net) 5.5076 0.0000 2.5070 3.0006 
, Open Loop Inputs 1.3859 0.0000 0.0458 1.3400 
Standard Outputs 
A CO 0.0021 0.0000 0.0001 0.0020 
I C02 (Non Renewable) 4.9442 0.0000 0.3133 4.6309 
R C02 (Renewable) 0.1381 0.0000 0.0046 0.1334 
B C02 5.0823 0.0000 0.3179 4.7644 
0 NOx 0.0160 0.0000 0.0011 0.0149 
R S02 0.0565 0.0000 0.0019 0.0546 
N HC excl CH4 0.0006 0.0000 0.0001 0.0005 
E CH4 0.0005 0.0000 0.0000 0.0005 
Aldehydes 0.0000 0.0000 0.0000 0,0000 
Chlorinated HC 0.0000 0.0000 0.0000 0.0000 
CI/F carbons 0.0000 0.0000 0.0000 0.0000 
Other VOC 0.0114 0.0000 0.0005 0.0109 
VOC 0.0125 0.0000 0.0006 0.0119 
Pb (air) 0.0000 0.0000 0.0000 0.0000 
Hg (air) 0.0000 0.0000 0.0000 0.0000 
Other Metals (air) 0.0000 0.0000 0.0000 0.0000 
Metals(air) 0.0000 0.0000 0.0000 0.0000 
Dust 0.0079 0.0000 0.0077 0.0002 
C12 0.0000 0.0000 0.0000 0.0000 
F2 0.0000 0.0000 0.0000 0.0000 
HCI 0.0000 0.0000 0.0000 0.0000 
HF 0.0000 0.0000 0.0000 0.0000 
Halides 0.0000 0.0000 0.0000 0.0000 
Capi 0.00001 0.00001 0,0000 0.0000 
L; onlinuea on next page 
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Standard Outputs continued Total Entered Process 
Data 
Linked Materials Linked Energy 
Herbicide 0.0000 0.0000 0.0000 0.0000 
Insecticide 0.0000 0.0000 0.0000 0.0000 
NI-13 0.0001 0.0000 0.0000 0.0000 
Other (Air) 1.8344 0.0000 1.6609 0.1735 
Other Air 1.8344 0.0000 1.6609 0.1735 
Process 0.3363 0.0000 0.3363 0.0000 
Steam/Water vapour 0.0321 0.0000 0.0051 0.0270 
Waste 22.6915 0.0000 18.3403 4.3511 
Waste water 23.0599 0.0000 18.6817 4.3782 
Al(water) 0.0000 0.0000 0.0000 0.0000 
Cd(water) 0.0000 0.0000 0.0000 0.0000 
Cr(water) 0.0000 0.0000 0.0000 0.0000 
Cu(water) 0.0000 0.0000 0.0000 0.0000 
Fe(water) 0.0000 0.0000 0.0000 0.0000 
Hgg(water) 0.0000 0.0000 0.0000 0.0000 
Ni(water) 0.0000 0.0000 0.0000 0.0000 
Pb(water) 0.0000 0.0000 0.0000 0.0000 
Zn(water) 0.0000 0.0000 0.0000 0.0000 
Unspecified/Other Metals (water) 0.0002 0.0000 0.0000 0.0002 
W Metals(water) 0.0002 0.0000 0.0000 0.0002 
A Chlorides 0.0002 0.0000 0.0002 0.0000 
T Fluorides 0.0000 0.0000 0.0000 0.0000 
E Nitrates 0.0000 0.0000 0.0000 0.0000 
R Phosphates 0.0000 0.0000 0.0000 0.0000 
Sulphides/Sulphates 0.0004 0.0000 0.0000 0.0003 
Unspecified/Other TDS 0.0256 0.0000 0.0011 0.0245 
TDS 0.0262 0.0000 0.0014 0.0248 
TSS 0.0009 0.0000 0.0000 0.0008 
Oils & Greases 0.0000 0.0000 0.0000 0.0000 
Ammonia 0.0000 0.0000 0.0000 0.0000 
Chlorinated Solvents/Comp 0.0000 0.0000 0.0000 0.0000 
Cyanides 0.0000 0.0000 0.0000 0.0000 
herbicides 0.0000 0.0000 0.0000 0.0000 
pesticides 0.0000 0.0000 0.0000 0.0000 
Phenols 0.0000 0.0000 0.0000 0.0000 
Other Miscellaneous 0.0000 0.0000 0.0000 0.0000 
Acid 0.0000 0.0000 0.0000 0.0000 
Alkali 0.0000 0.0000 0.0000 0.0000 
Miscellaneous 0.0000 0.0000 0.0000 0.0000 
COD 0.0000 0.0000 0.0000 0.0000 
BOD 0.0000 0.0000 0.0000 0.0000 
M Landfill weight 0.1894 0.0000 0.0097 0.1796 
1 Open Loop Outputs 0.4116 0.0000 0.0644 0.347 
S Other Solid 0.9593 0.0000 
1 
0.0331 0.9262 
tCI 
Landfill Volume (dm3) 
-I 
0.2367 
- 
0.0000 0.0121 0.2245 
Linked Matenals Nitric Acid, 02/N2, CaO, glass-product, cement 
Electricity Electricity (Average European) 
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Summary Report for: Reprocessing Case 2 -Vitrification of HLW and centrifugation 
cake 
Standard Inputs Total Entered Process 
Data 
Linked 
Materials 
Linked Energy 
Total Process Energy (MJ) 81.2333 38.5000 3.7723 38.9610 
Total Extracted Energy (MJ) 81.4172 0.0000 3.9540 77.4632 
Nuclear Electricity (MJ) 12.7901 0.0000 0.4280 12.3621 
R Other/Hydro Electricity (MJ) 7.6739 0.0000 0.2518 7.4221 
E Coal Reserves 1.7159 0.0000 0.0693 1.6465 
S Oil Reserves 0.2729 0.0000 0.0175 0.2554 
0 Gas Reserves 0.1906 0.0000 0.0148 0.1657 
U Uranium 0.0000 0.0000 0.0000 0.0000 
R Iron ore 0.0000 0.0000 0.0000 0.0000 
C Bauxite 0.0002 0.0000 0.0000 0.0002 
E Sodium Chloride 0.0591 0.0000 0.0590 0.0001 
S Limestone 0.0002 0.0000 0.0001 0.0000 
Other 0.4057 0.0000 0.4057 0.0000 
Other Non Renewables 0.4652 0.0000 0.4649 0.0003 
Renewable Resources 0.1211 0.0000 0.0049 0.1162 
Ancillaries; 0.0121 0.0000 0.0121 0.0000 
Process 2.3557 0.0000 0.5887 1.7670 
Other 27.0318 0.0000 24.1984 2.8334 
Water 29.3874 0.0000 24.7871 4.6003 
Air (Net) 6.4427 0.0000 3.3288 3.1139 
1 0pen Loop Inputs 1.4410 0.0000 0.0504 1.3906 
Standard Outputs 
A CO 0.0022 0.0000 0.0001 0.0020 
I C02 (Non Renewable) 5.1137 0.0000 0.3080 4.8057 
R C02 (Renewable) 0.1443 0.0000 0.0058 0.1385 
B C02 5.2580 0.0000 0.3138 4.9442 
0 NOx 0.0166 0.0000 0.0012 0.0155 
R S02 0.0589 0.0000 0.0022 0.0567 
N HC excl CH4 0.0006 0.0000 0.0001 0.0005 
E CH4 0.0006 0.0000 0.0000 0.0005 
Aldehydes 0.0000 0.0000 0.0000 0.0000 
Chlorinated HC 0.0000 0.0000 0.0000 0.0000 
CVF carbons 0.0000 0,0000 0: 0000 0.0000 
Other VOC 0.0119 0.0000 0.0005 0.0113 
VOC 0.0131 0.0000 0.0007 0.0124 
Pb (air) 0.0000 0.0000 0.0000 0.0000 
H- (air) 0.0000 0.0000 0.0000 0.0000 
Other MeZ (air) 0.0000 0.0000 0.0000 0.0000 
Metals(air) 0.0000 0.0000 0.0000 0,0000 
Dust 0.0057 0.0000 0.0055 0.0002 
C12 0.0000 0.0000 0.0000 0.0000 
F2 0.0000 0.0000 0.0000 0.0000 
HCI 0.0000 0.0000 0.0000 0.0000 
HF 0.0000 0.0000 0.0000 0.0000 
Halides 0.0000 0.0000 0.0000 0.0000 
Cap 0.0000 0.00001 0.0000 0.0000 
Continued on next page 
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Standard Outputs continued Total Entered Process 
Data 
Linked Materials Linked Energy 
Herbicide 0.0000 0.0000 0.0000 0.0000 
Insecticide 0.0000 0.0000 0.0000 0.0000 
NH3 0.0001 0.0000 0.0000 0.0000 
Other (Air) 2.3932 0.0000 2.2132 0.1800 
Other Air 2.3933 0.0000 2.2132 0.1801 
Process 0.4766 0.0000 0.4766 0.0000 
Steam/Water vapour 0.0348 0.0000 0.0068 0.0281 
Waste 28.7970 0.0000 24.2817 4,5153 
Waste water 29.3084 0.0000 24,7650 4.5434 
Al(water) 0.0000 0.0000 0.0000 0.0000 
Cd(water) 0.0000 0.0000 0.0000 0.0000 
Cr(water) 0.0000 0.0000 0.0000 0.0000 
Cu(water) 0.0000 0.0000 0.0000 0.0000 
Fe(water) 0.0000 0.0000 0.0000 0.0000 
Hg(water) 0.0000 0.0000 0.0000 0.0000 
Ni(water) 0.0000 0.0000 0.0000 0.0000 
Pb(water) 0.0000 0.0000 0.0000 0.0000 
Zn(water) 0.0000 0.0000 0.0000 0.0000 
Unspecified/Other Metals (water) 0.0002 0.0000 0.0000 0.0002 
W Metals(water) 0.0002 0.0000 0.0000 0.0002 
A Chlorides 0.0003 0.0000 0.0003 0.0000 
T Fluorides 0.0000 0.0000 0.0000 0.0000 
E Nitrates 0.0000 0.0000 0.0000 0.0000 
R Phosphates 0.0000 0.0000 0.0000 0.0000 
Sulphides/Sulphates 0.0004 0.0000 0.0001 0.0004 
Unspecified/Other TDS 0.0266 0.0000 0.0012 0.0254 
TDS 0.0273 0.0000 0.0016 0.0257 
TSS 0.0009 0.0000 0.0000 0.0009 
Oils & Greases 0.0000 0.0000 0.0000 0.0000 
Ammonia 0.0000 0.0000 0.0000 0.0000 
Chlorinated Solvents/Comp, 0.0000 0.0000 0.0000 0.0000 
Cyanides 0.0000 0.0000 0.0000 0.0000 
herbicides 0.0000 0.0000 0.0000 0.0000 
pesticides 0.0000 0.0000 0.0000 0.0000 
Phenols 0.0000 0.0000 0.0000 0.0000 
Other Miscellaneous 0.0000 0.0000 0.0000 0.0000 
Acid 0.0000 0.0000 0.0000 0.0000 
Alkah 0.0000 0.0000 0.0000 0.0000 
Miscellaneous 0.0000 0.0000 0.0000 0.0000 
COD 0.0000 0.0000 0.0000 0.0000 
SOD 0.0000 0.0000 0.0000 0.0000 
M Landfill weight 0.1992 0.0000 0.0128 0.1864 
1 Open Loop Outputs 0.4437 0.0000 0.0835 0.3602 
S Other Solid 0.9994 0.0000 0.0383 0.9611 
C Landfill Volume (dm3) 0.2490 0.0000 0.0160 0.23301 
LIHKCU IvIdEcrials NIVIC ACIa, UUNZ, glass-productý cement 
Electricity Electricity (Average European) 
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E-3.2 Impact Assessment - Case I 
1) Total liquid discharges from Vitrification and Cementation 
Fate parameters: 
Radionuclide emissions from inventory, Wo (Bq/TJ) 
Complete mixing 
Depth, d (m) 22 
Exposure distance (m) 154 
Dispersion constant from 
tables, Fsvd (S/m 
2) 1.79 
Conversion from seconds 
to year (s/year) 3.15E+07 
Nominal probability 
coefficient (Sv") 6. OOE-02 
Concentration in water found from 
C (Bq y/TJ M3) = Wo FsvD/d 
Total liquid discharges 
Radionuclides Bq/TJ 
Coastal water 
concentration 
Bq y/TJ M3 
Screening factor 
Sv m3/Bq y 
Screening 
value 
Sv/TJ 
Risk' 
1/Tj 
Am-241 1.09E+03 2.8 1 E-06 1.2013-05 3.3 813- 11 2.03E-12 
Ce-144 7.64E+04 1.97E-04 4.70E-08 9.28E-12 5.57E-13 
Cs-134 2.08E+05 5.38E-04 3.90E-07 2.10E-10 1.26E- II 
Cs-137 4.42E+05 1.14E-03 8.70E-07 9.93E-10 5.96E- 11 
1-129 5.87E+03 1.52E-05 1.50E-07 2.28E-12 1.37E-13 
Np-237 1.06E+00 2.74E-09 7. OOE-06 1.91E-14 1.1513-15 
Pu-241 1.12E+05 2.89E-04 2. OOE-08 5.77E-12 3.46E-13 
Ru- 106 3.38E+06 8.75E-03 1.90E-07 1.66E-09 9.97E- II 
Sr-90 3.19E+05 8.24E-04 3.70E-09 3.05E-12 1.83E-13 
Tc-99 5.5813+01 1.44E-07 6.8013-09 9.81E-16 5.8913-17 
ITotal 1.75E-10 I 
Note ': Includes Nominal probability coefficient - 6.013-02 (Sv") 
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2) Total air discharges from Vitrification and Cementation 
Fate parameters: 
0 Radionuclide emissions from inventory, Wo (Bq/TJ) 
" Stack Height, H (m) 125 
" Release distance, x (m) 500 
" Dispersion factor from 
tables, P (m -2) 2.5013-06 
" Wind speed, u (m/s) 2 
" Wind fraction 0.25 
" Conversion from seconds 
to year (s/year) 3.15E+07 
" Nominal probability 
coeff icient (Sv-1) 6. OOE-02 
Concentration in air found from 
C (Bq yfrJ M3) = 0.25 P Wo/u 
Total air discharges 
Radionuclides Bq/TJ 
Atmospheric 
concentration 
Bq Y/Tj M3 
Screening factor 
SV m3/Bq y 
Screening 
value 
Sv/Tj 
Risk' 
I/Tj 
Arn-241 6.3713-03 6.3113-17 1.0013+00 6.3113-17 3.79E-18 
Ce-144 8.70E-02 8.6213- 16 5.2013-03 4.48E-18 2.69E-19 
Cm-244 1.20E-02 1.19E-16 5.4013-0 1 6.44E-17 3.86E-18 
Cs-134 6.6513+00 6.59E-14 1.3013-01 8.56E-15 5.14E-16 
Cs-137 9.57E+00 9.4813-14 2.20E-0 I 2.09E-14 1.2513-15 
Eu-154 4.9813-02 4.94E- 16 1.20E-0 1 5.9213-17 3.55E-18 
1-129 9.50E+02 9.41E-12 5.60E-0 I 5.27E-12 3.1613-13 
Np-237 1.69E-06 1.67E-20 1.30E+00 2.1 SE-20 1.3 1 E-21 
Pu-241 1.2313-03 1.22E- 17 2. OOE-02 2.44E-19 1.47E-20 
Ru-106 5.22E+02 5.17E-12 9.60E-03 4.9713-14 2.98E-15 
Sr-90 3.49E+00 3.46E-14 1.90E-0 I 6.57E-15 3.94E-16 
TC-99 8.05E-04 7.97E- 18 3.4013-02 2.71E-19 1.63E-20 
U-235 3.36E-1 I 3.33E-25 3.40E-0 1 1.13 E-25 6.80E-27 
U-238 4.8913-10 4.84E-24 2.9013-0 1 1.40E-24 8.43E-26 
ITotal 3.21E-13 
Note 1: Includes Nominal probability coefficient - 6.013-02 (Sv") 
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3) Environmental Irradiation resulting from liquid effluents. Characterisation factors listed in 
Appendix D. 
Coastal water concentration Characterisation factor Environmental 
(see calculations in item no. 1) Irradiation value 
Radionuclides Bq y/TJ M3 M3 1Bq y I/Tj 
Am-241 2.8 1 E-06 5.0413+00 1.42E-05 
1-129 1.5213-05 9.48E-04 1.4413-08 
Np-237 2.7413-09 1.0 1 E-02 2.77E- II 
Pu-241 2.8913-04 1.0913+00 3.16E-04 
Sr-90 8.2413-04 8.22E-03 6.7813-06 
Tc-99 1.44E-07 1.63E+00 2.36E-07 
Total 3.37E-07 
E-33 Impact Assessment - Case 2 
1) Total liquid discharges from Vitrification and Cementation 
Same parameters as for Case 1. 
Total liquid discharges 
Radionuclides BqITJ 
Coastal water 
concentration 
Bq y/TJ M3 
Screening factor 
Sv m3/Bq y 
Screening 
value 
Sv/TJ 
Risk' 
I/Tj 
Am-241 1.09E+03 2.8 1 E-06 1.20E-05 3.3 SE- I1 2.0313-12 
Ce-144 7.66E+04 1.98E-04 4.70E-08 9.3E-12 5.58E-13 
Cs-134 1.94E+05 5.0 1 E-04 3.90E-07 1.96E- 10 1.17E-11 
Cs-137 4.28E+05 1.11 E-03 8.70E-07 9.62E- 10 5.77E-1 1 
1-129 5.87E+03 1.5213-05 1.5013-07 2.28E-12 1.37E-13 
Np-237 1.06E+00 2.74E-09 7. OOE-06 1.91E-14 1.15E-15 
Pu-241 1.12E+05 2.89E-04 2. OOE-08 5.77E-12 3.46E-13 
Ru-106 3.08E+05 7.97E-04 1.90E-07 1.51E-10 9.08E-12 
Sr-90 3.1413+05 8.12E-04 3.70E-09 3.01E-12 1.8013-13 
Tc-99 5.58E+01 1.4413-07 6.80E-09 9.81E-16 5.89E-17 
ITotal 8.18E-11 
Note ': Includes Nominal probability coefficient - 6. OE-02 (Sv") 
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2) Total air discharges from Vitrification and Cementation 
Same parameters as for case 1. 
Total air discharges 
Radionuclides Bq/TJ 
Atmospheric 
concentration 
Bq y/TJ m3 
Screening factor 
Sv m3/Bq y 
Screening 
value 
Sv/TJ 
Risk' 
1/Tj 
Am-241 6.37E-03 6.31E-17 1.0013+00 6.3113-17 3.79E-18 
Ce-144 8.7213-02 8.6413-16 5.20E-03 4.49E-18 2.70E-19 
Cm-244 1.20E-02 1.19E- 16 5.4013-01 6.44E-17 3.86E-18 
Cs-134 4.46E+00 4.42E-14 1.30E-01 5.7513-15 3.45E-16 
Cs-137 6.79E+00 6.73E-14 2.20E-01 1.48E-14 8.88E-16 
Eu-154 4.98E-02 4.94E-16 1.20E-01 5.92E-17 3.55E-18 
1-129 9.50E+02 9.41E-12 5.60E-01 5.27E-12 3.1613-13 
Np-237 1.69E-06 1.67E-20 1.30E+00 2.18E-20 1.3 1 E-21 
Pu-241 1.23E-03 1.22E-17 2. OOE-02 2.44E-19 1.4713-20 
Ru-106 3.1513+01 3.12E-13 9.60E-03 3. OOE-15 1.80E-16 
Sr-90 3.24E+00 3.2113-14 1.90E-01 6.10E-15 3.66E- 16 
TC-99 8.05E-04 7.97E-18 3.40E-02 2.71E-19 1.63E-20 
U-235 3.36E- II 3.33E-25 3.4013-0 1 1.13 )E-25 6.80E-27 
U-238 4.89E-10 4.84E-24 2.9013-01 1.40E-24 8.43E-26 
ITotal 3.1SE-13 
Note ': Includes Nominal vrobabilirv coefficient - 6. OE-02 (Sv") 
3) Environmental Irradiation resulting from liquid effluents. Characterisation factors listed in 
Appendix D. 
Coastal water concentration Characterisation factor Environmental 
(see calculations in item no. 1) Irradiation value 
Radionuclides Bq y/TJ M3 M3 /Bq_y I/Tj 
Am-241 2.8 1 E-06 5.04E+00 1.42E-05 
1-129 1.5213-05 9.48E-04 1.4413-08 
Np-237 2.74E-09 1.0 1 E-02 2.7713-11 
Pu-241 2.89E-04 1.09E+00 3.16E-04 
Sr-90 8.12E-04 8.2213-03 6.78E-06 
Tc-99 1.44E-07 1.63E+00 2.36E-07 
Total 3.37E-07 
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Glossary and Nomenclature 
F-1. Glossary 
Absorbed dose Absorbed energy in joules per unit mass of exposed biological tissues, Gray (J/kR) 
AGR Advanced Gas-cooled Reactor. 
Becquerel S. I. unit of radioactivity, one disintegration per second. 
Beta radiation Emission of energetic electrons (beta particles). 
Bioaccumulation Factor (BF) The ratio of radionuclide concentration in an organism or tissue to 
that in water of food products. 
Bum-up The proportion of heavy-metal atoms fissioned in nuclear fuel, normally measured 
in MWd/kg (megawatt-days per kg). 
BWR Boiling Water Reactor. 
Calcining Strong heating, e. g. to a point at which recrystallisation or solid-state chemical 
reactions occur. 
CANDU reactor A Canadian design cooled by heavy water and capable of operating on 
natural uranium. 
Caro's acid monopersulphuric acid, H2SO5. 
Cladding A sheath to separate the fuel substance and fission products from the coolant 
stream. 
Closed loop fuel cycle The spent fuel from the nuclear reactor is reprocessed and the fissile and 
fertile materials are separated from the fission product.. 
Committed effective dose The time integral (e. g. 50 years for adults) of the Effective dose. 
Criticality A fission chain reaction proceeding at a steady or increasing rate. 
Crud Fine particulate matter formed in a process and tending to accumulate for instance 
at solvent-aqueous interfaces. 
Curie The pre-S. I. unit of radioactivity, 3.7E+ 10 disintegrations per second, equivalent to 
I gram of radium. 
Daughter A nuclide fonned by spontaneous decay of another (the parent). 
Decay heat Energy released by radioactivity of fission products in reactor fuel after fission has 
ceased. 
Decontamination factor (DF) The proportion of contaminant in a desired component before a 
separation process, divided by the same proportion afterwards. 
Dose equivalent The Absorbed dose multiplied by a Radiation weighting facto 
which takes into account the differences in biological damage caused by 
radioactive particles having the same energy, units of Sievert (Sv). 
Effective dose The Dose eguivalent multiplied by a Tissue weighting facto which takes into 
account the differing susceptibilities of different organs and types of tissue to 
damage (i. e. a doubly weighted Absorbed dose). units of Sievert (Sv). 
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EIA Environmental Impact Assessment. 
Enrichment An artificial increase in the proportion of one isotope of an element (usually 
uranium) by partial separation from others, leaving depleted tails. 
Fast breeder reactor (FBR) Fissions sustained by fast neutrons and producing at least as much 
fissile material as it consumes by transmutation of fertile nuclides. 
Fertile Capable of absorbing neutrons to form a fissile material, e. g. U-238 which is thus 
converted by way of the short-lived U-239 and Np-239 to Pu-239. 
Fissile Capable of undergoing nuclear fission induces by thermal neutrons. 
Fission The splitting of a heavy atomic nucleus into two very roughly equal fragments plus 
a few neutrons and sometimes a light nucleus such as of tritium. 
Fission product The main fragments from nuclear fission or products of their decay, whether 
radioactive or stable. 
Fusion (nuclear) The union of two light nuclei (for instance of hydrogen isotopes, 
forming helium) with release of energy. 
Gamma radiation Electromagnetic radiation, similar to X-rays but higher in energy. 
Gray (Gy) SI unit for Absorbed dose (J/kg). 
Grout A cement-based semi-fluid used to fill spaces and harden within them. 
Half-life The time taken for half of any amount of a specific radionuclide to decay. 
Heavy water Deuterium oxide, in which the hydrogen of ordinary water is replaced by the 
heavier isotope. Used as a moderator because of its particularly low neutron 
absorption. 
HLW High Level Waste. 
Hulls Sections of cladding from which the fuel substance has been leached. 
IAEA International Atomic Energy Agency. 
ICRP International Committee for Radiological Protection. 
IDR Integrated Dry Route. 
ILW Intermediate Level Waste. 
irradiation In general, exposure to ionising radiation. 
ISO International Organisation for Standardisation. 
Isotope One of perhaps several varieties of an element with different numbers of neutrons 
per nucleus. 
LCA Life Cycle Assessment. 
Leaching Dissolution of some part form a solid mixture. 
Lixiviation Deliberate leachim 
LLW Low Level Waste. 
LWR Light Water Reactor, uses ordinary water as both moderato and coolant, whether 
boiling or pressurised. 0 
Magnox An alloy principally of magnesium, used to clad uranium metal fuel; also the fuel 
as a whole or the type of reactor using it. 
MEB Multi Element bottle, container to prevent the spread of contamination from 
irradiated fuel elements during transport or storage. 
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Moderator A material used to slow down neutrons by elastic collisions. 
MOX Mixed Oxide Fuel, contains plutonium instead of an enhanced U-235 content as 
the main fissile material. 
NCRP National Council on Radiation Protection and Measurements. 
NRPB National Radiological Protection Board. 
Open loop fuel cycle The spent fuel from the nuclear reactor is conditioned and disposed 
directly. 
PUREX Plutonium Uranium Recovery by Extraction. the currently dominant solvent 
extraction'process for separating discharged fuel into uranium, plutonium and 
wastes. 
PWR Pressurised Water Reactor. 
RA Risk Assessment. 
Radiation weighting factor The relative biological effectiveness of radiation in inducing 
stochastic effects at low doses, e. g. y-rays, X-rays and P-particles have a factor 
equal to I while a-particles has a factor equal to 20. 
Radioactivity The spontaneous disintegration of an atomic nucleus with the emission of ionising 
radiation. 
Radionuclide A radioactive isotope. 
SETAC Society for Environmental Toxicology and Chemistry. 
Sievert (Sv) The S. I. unit of radiation dose (J/kg), see Effective dose and Dose equivalent. 
SPOLD Society for Promotion of Life-cycle Development. 
Thermal reactor Operating on an essentially thermal neutron spectrum (thermal neutron- 
operating at or near energetic equilibrium with the surroundings). 
THORP Thermal Oxide Reprocessing Plant (Sellafield, Cumbria). 
Tissue weighting factor The contribution of an organ or tissue to the total detriment arising from a 
uniform irradiation of the whole body. 
Usage factors Factors describing external exposure, inhalation and consumption of foods. 
WTA Willingness-to-accept. 
WTP Willingness-to-pay. 
Yellowcake Uranium ore concentrate, UOC. 
Zircaloy An alloy chiefly of zirconium, used as fuel cladding on account of its resistance to 
corrosion and low neutron absorption. 
Many of the definitions in this glossary are based on Wilson (1996). 
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F-2. Nomenclature 
8p Emission pulse (kg) 
ADIj Annual Daily Intake for substance i (kg/M3) 
ai Activity of radionuclide i (Bq) 
ALli Annual Limit on Intake for radionuclide i (Bq/kg body weight) 
Cij Concentration of substance i in compartment j (kg/m3) 
Di Dose incurred by radionuclide i (Sv) 
Elij Environmental Increment factor for substance i in compartment j (Bq /M 3 water/air 
or Bq/kg soil) 
Ejj Effect factor for impact group j and emission i, i. e. I/NELjj 
F Probability coefficient for stochastic effects (Sv") 
Fjj Fate factor for impact group j which considers both fate and exposure of substance 
i 
IF Additional exposure (kg yr/M3) 
ki Degradation/decay constant for substance i (yr-1) 
Mi Emission input of substance i (kg/yr) 
Mi Environmental intervention (amount or mass of input or output i) 
NELjj No Effect Level for individual substances i in compartment j, e. g. ADI, TDI or 
NOEC (kg/m3 or kg/kg) 
Pi Probability that the individual will incur a dose from radionuclide i (Y") 
Qji Characterisation factor for intervention i to impact category j 
SE1i Potential contribution to Environmental Irradiation category by radionuclide i (TJ" 1) 
SFj Screening Factor for radionuclide i (SV M3 /Bq y) 
SH]i Contribution to Human Irradiation category by radionuclide i (y" TJ"') 
Si Total contribution to impact catecy , ory j 
Sji Potential contribution to impact group j from input or output i 
Ti Life time of substance i (yr) 
Tj Target value for impact score 
V, j Equivalent volume of dilution (m 
3) 
va Outflow from compartment i to compartment I (m 3/yr) 
Vi Volume of compartment j (m 3) 
Vki Inflow to compartment i from compartment k (M3 /yr) 
Wi 44 Valuation weighting factor for impact category j U13RARY UNNERSITY OF SURREY 
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